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ABSTRACT
        Aromatic interactions play a key role in many important processes, such as 
the formation and stability of biological and synthetic assemblies, facilitation of 
molecular recognition processes, and catalysis of chemical reactions. One of the 
key factors determining the strength of aromatic interaction is the solvent 
environment. Therefore, developing model systems that can accurately measure 
the influence or effects of solvents on non-polar interaction strengths is a task of 
great importance.  Over the years, we have been approaching this challenge via 
designing and analyzing molecular devices that can quantitatively report aromatic 
interaction energies under various solvent and chemical environments. With this 
methodology, we have: 1) studied the ability of protic solvents to dissolve aromatic 
surfaces via solvent OH- interactions, 2) determined the influence of anions on 
solvophobic interactions in organic solvent, 3) measured the strength of individual 
Ag- interaction and its sensitivity to changes in solvent environment and 
interaction geometry, and 4) studied the CH- interactions of fluorinated aromatic 
surfaces. The knowledge and experience gained in the studies of these small model 
systems contribute to the development of more effective predictive solvent models 
but also help guide further experimental research on aromatic interactions. 
vi 
TABLE OF CONTENTS
DEDICATION .............................................................................................................................. iii 
ACKNOWLEDGEMENTS ......................................................................................................... iv 
ABSTRACT .................................................................................................................................... v 
LIST OF TABLES ........................................................................................................................ vii 
LIST OF FIGURES ..................................................................................................................... viii 
LIST OF SCHEMES ................................................................................................................... xiii 
CHAPTER 1: MEASURING SOLVENT AND SOLVOPHOBIC EFFECTS  
 USING MOLECULAR BALANCES: A REVIEW ........................................................... 1 
CHAPTER 2: MEASUREMENT OF SOLVENT OH- INTERACTIONS USING A   
 MOLECULAR BALANCE ............................................................................................... 24 
CHAPTER 3: ANION-ENHANCED SOLVOPHOBIC EFFECT IN 
 ORGANIC SOLVENT ...................................................................................................... 56 
CHAPTER 4: MEASUREMENT OF SILVER- INTERACTIONS IN SOLUTION 
 USING MOLECULAR TORSION BALANCES ............................................................ 83 
CHAPTER 5: FUTURE WORK: SYNTHESIS OF MOLECULAR BALANCES TO  
 MEASURE CH-F INTERACTIONS  ........................................................................... 113 
APPENDIX A: COPYRIGHT PERMISSIONS ........................................................................ 130
vii 
LIST OF TABLES
Table 2.1. Solvent parameters, folding energies, interactions energies, and 
predicted folding energies. Solvent mixtures are reported in v/v %. Solvent 
cohesive energy density (ced) and M values for methanol/water solvent mixtures 
are calculated assuming these values scale linearly with the v/v % solvent 
composition. .....................................................................................................................54 
 
Table 3.1.  SASA of folded balance structure, alkyl arm unit, and shelf unit used 
to calculate change (SASA) in SASA from folded to unfolded states of the 
balances. ...........................................................................................................................77 
 
Table 3.2. TBA•Cl titration folding energies. .............................................................77 
 
Table 3.3. Specific anion effect folding energies. .......................................................78 
 
Table 3.4. Solvent effect folding energies. ...................................................................78 
 
Table 4.1. Folded/unfolded ratios obtained from deconvolved integrations of 
corresponding peaks in 1H NMR during titrations with AgBF4 of balances 1-3. 107 
 
Table 4.2. Folding energy (ΔG) obtained from deconvolved integrations of 
corresponding peaks in 1H NMR during titrations with AgBF4 of balances 1-3. 108 
 
Table 5.1 Folding energies for balances 1-4 in solution. .........................................124 
viii 
LIST OF FIGURES
Figure 1.1. (a) Structure of Gellman’s secondary amides designed to measure the 
hydrophobic effect. (b) Wilcox’s molecular balances used to measure the 
hydrophobic effect of various alkyl-aromatic interactions. ........................................7 
Figure 1.2 (a) Illustration of Pyrene-cyclophane binding interactions in Deiderich’s 
cyclophanes and (b) their association energies plotted against solvent ET(30). ......8 
Figure 1.3. (a) Structures of aromatic surfaces used in this study. –G association 
plotted against (b) ET(30) and (c) cohesive energy density. .......................................9 
Figure 1.4. (a) Representation of molecular balances and interactions in this study. 
(b) Double mutant cycle analysis of alkyl-alkyl interaction energies. (c) Interaction 
energies plotted against solvent cohesive energy density. .......................................11 
Figure 1.5. Correlation of non-polar interaction stability with solvent cohesive 
energy density. ................................................................................................................12 
Figure 1.6.  (a) CH- interaction strength correlated with solvent polarity and 
cohesive energy density. (b) Molecular balance conformational equilibria altered 
via repulsive solvent lone pair- surface interactions and attractive solvent 
hydrogen-  surface interactions in the unfolded conformations. Linear solvation 
energy relationship equation and fit line. ...................................................................15 
Figure 1.7. (a) Representation of conformational equilibrium with OH- 
interaction formed in the unfolded conformation. (b) Structure of water soluble N-
arylimide molecular balance (c) Folding energies (-G) of molecular balance in 
aprotic (blue) and protic (orange) solvents plotted against solvent cohesive energy 
density. .............................................................................................................................16 
Figure 1.8. Folding energies predicted by the equation −ΔGpredicted= 0.0026(ced) – 
0.016(αM) – 0.50 plotted against experimentally determined folding energies of 
balances 1 in protic (orange) and aprotic (blue) solvents..........................................17 
  
ix 
Figure 1.9. (a) Scheme of molecular balance mode of action and structures of 
balances used in this study. (b) Change of folding energies for balances 1-4 with 
increasing TBA•Cl concentration. (c) Slopes of titration lines shown in b plotted 
against the calculated change in solvent accessible surface area of balances 1-4. .19 
Figure 2.1. (a) Synthetic scheme for molecular balances 1a and 1b. (b) 1H NMR 
spectrum (in CDCl3) of protons used to measure the folding ratio of balance 1b. (c) 
19F NMR spectrum (in CDCl3) of the CF3 group in the folded and unfolded 
conformations of balance 1b. The folded and unfolded conformations are labeled 
as f and u, respectively. ..................................................................................................28 
Figure 2.2. Plot of G values of balance 1a plotted against balance 1b. ...............30 
Figure 2.3. Crystal structures of analogues of balances 1a (left) and 2a (right) that 
lack the CF3 label..............................................................................................................31 
Figure 2.4. (left) Folding energies (−ΔG) and (right) interaction energies (−ΔΔG1−2) 
of balance 1 in aprotic (blue) and protic (orange) solvents plotted against solvent 
cohesive energy density. The slopes of the aprotic lines from left to right are 2.2, 
1.7, and 2.0 cm3 / mol, respectively. The slopes of the protic lines from left to right 
are 0.6 and 0.3 cm3 /mol. .................................................................................................32 
Figure 2.5.  Plot of -G values for balance 1 against ET(30) solvent polarity 
parameter. ........................................................................................................................33 
Figure 2.6. Experimentally determined folding energies of balance(s) 1 in protic 
and aprotic solvents plotted against folding energies (-G) predicted by LSER 
equation using  and  solvent parameters. ...............................................................33 
Figure 2.7. Folding energies predicted by the equation −ΔGpredicted = 0.0026(ced) 
− 0.016(αM) − 0.50 plotted against experimentally determined folding energies of 
balance 1 in protic (orange) and aprotic (blue) solvents. ..........................................36 
Figure 2.8. Preliminary results of different sized solvophobic interactions in 
various solvents. (left) Folding energies of various CH- balances tested in protic 
(squares) and aprotic (circles) solvents plotted against solvent cohesive energy 
density. (right) Structures of balances used for this study. ......................................39 
Figure 3.1. Anion effects of balances 1-4 at varying TBA•Cl concentrations, as 
measured by the difference in folding energies (∆∆Ganion effect =ΔGanion - ΔGno anion). 
Error bars for balances 3 and 4 are within the data markers. ...................................61 
x 
Figure 3.2. Slopes of the anion concentration relationships for balances 1-4 in Fig. 
1a plotted against the contact surface area of the arm and shelf surfaces in folded 
conformation calculated from the X-ray structures. ..................................................63 
Figure 3.3. (Blue circles) Measured change in folding energy in balance 2 in various 
solvents versus the solvent cohesion parameter, ced, for the solvent. (orange 
circles) The folding energies of balance 2 in acetonitrile salt solutions in the 
presence of 1.5 M TBA salts of various anions. (Dashed red lines) Estimate of the 
anion-induced increase in the solvophobic effect as measured by the solvent 
parameter ced. .................................................................................................................64 
Figure 3.4. Measured change in folding energy in balance 2 in various solvents 
versus the solvent hydrogen bond accepting parameter, . .....................................65 
Figure 3.5. ΔΔGfold of balance 2 at 1.5 M concentration of various anions plotted 
against the solvation energy of the anions (∆Gsol) in acetonitrile. ............................66 
Figure 3.6. ΔΔGfold of balance 2 in 1.5 M Cl- and 1.5 M ClO4- acetonitrile solutions 
upon addition of 0-3% (v/v) water. ..............................................................................67 
Figure 3.7. Example of folding ratio measurement for balance 2 with TBA•Cl 
addition. ...........................................................................................................................75 
Figure 3.8. Crystal structures of analogous balances 1-3 used for surface area 
calculations. The actual crystal structure of balance 4 with carboxylate was used 
for this study. ...................................................................................................................76 
Figure 3.9. Anion effects at 1.5 M concentration plotted against anion surface 
tension increments. .........................................................................................................79 
Figure 3.10. Anion effects at 1.5 M concentration plotted against calculated anion 
electrostatic potential minimum (Emin). .....................................................................79 
Figure 3.11. Anion effects at 1.5 M concentration plotted against Hunter’s values 
for hydrogen bond accepting ability. ...........................................................................80 
Figure 3.12. Anion effects at 1.5 M concentration plotted against anion 
polarizability. ...................................................................................................................80 
Figure 4.1. X-ray structures of balances (a) 1, (b) 2, and (c) 3 and silver complexes 
(d) 1·Ag and (e) 2·Ag. The bridgehead phenyl groups in 1 and 1·Ag are hidden for 
xi 
clarity, as well as BF4 anions and solvent molecules for 1·Ag and 2·Ag. For 2·Ag, 
only the major η1 complex (82%) is shown, the structurally similar minor η2 
complex (18%) is not shown. .........................................................................................88 
Figure 4.2. Negative folding energies (−ΔG) of 1, (■) 2 (●), and 3 (▲) in CD2Cl2 
(±0.03 kcal/mol) as measured by integration of the 1H NMR spectra (21 °C) versus 
equivalents of added AgBF4. A solution of AgBF4 (0.45 M) in methanol-d4 was 
added incrementally to a solution of molecular balance (0.030 M) in 
dichloromethane-d2. .......................................................................................................90 
Figure 4.3. Downfield NMR shifts of pyridyl protons during Ag(I) titrations......91 
Figure 4.4. Double mutant cycle analysis for isolating the Ag−π interaction energy 
in 1·Ag by subtracting out secondary interactions, CH−π interactions, and dipole 
effects. A similar DMC analysis was performed for the Ag−π interaction in 2·Ag 
(not shown) to yield an Ag−π energy of −2.63 kcal/mol. ..........................................92 
Figure 4.5. Representations of the different bite-angle geometries  
in 1·Ag and 2·Ag. .............................................................................................................93 
Figure 4.6. Ag- interaction energies plotted against solvent  
dielectric constant. ..........................................................................................................94 
Figure 4.7. Titration of 1 with AgBF4. ........................................................................ 105 
Figure 4.8. Structure fragment input into CSD search. ...........................................110 
Figure 4.9. Histogram plot analysis of CSD search results. ....................................111 
Figure 4.10. Overlay of control balance 3 (red) with balance 1 (left) and 2 (right). 
The structures were overlaid with six atoms of the bicyclic framework. .............112 
Figure 5.1. Measure folding energies of balances 1 and 2 in aprotic solvents plotted 
against solvent cohesive energy density. ..................................................................117 
Figure 5.2. Crystal structure analogs of balances 1 and 2. The C-aromatic plane 
distance for balances 1 and 2 were 3.43 and 3.60 Å2 respectively. ..........................118 
Figure 5.3. The fluorinated solvent effect measured for balance 1 and 2. G values 
were estimated by subtracting Gether –Ghexafluorobenzene. ...........................................119 
 
xii 
Figure 5.4. Structures of second generation balances to study  
fluorophobic effect. .......................................................................................................120 
Figure 5.5. Folding energies of balance 3 (black) and 4 (red)  
plotted against ced. .......................................................................................................121 
Figure 5.6. 1H NMR of balance 1 in CDCl3. Inset shows 19F NMR spectrum. .......126 
Figure 5.7. 13C NMR of balance 1 in acetone-d6. .......................................................127 
Figure 5.8. 1H NMR of balance 2 in acetone-d6. ........................................................129 
Figure 5.9. 19F NMR of balance 2 in acetone-d6. ........................................................129 
 
 xiii 
LIST OF SCHEMES 
Scheme 1.1. Illustration of the molecular balance mode of action. ...........................4 
 
Scheme 1.2. Cockroft’s mulitparameter equation for predicting alkyl and 
perfluoroalkyl interaction energies in different solvents. .........................................13 
 
Scheme 2.1. (a) Representation of the folded−unfolded conformational equilibrium 
for the molecular balance model system designed to study solvent OH−π 
interactions; (b) Structures of molecular balances 1 and 2 (shown in their folded 
conformations). ................................................................................................................27 
 
Scheme 2.2. Overview of synthesis of balances 1-2. ..................................................43 
Scheme 3.1. (a) Representations of the folded-unfolded conformational equilibrium 
of the molecular torsional balance models used in this study. (b) Structures of 
molecular balances 1-2 and control balances 3-4. .......................................................58 
 
Scheme 3.2. Overview of synthesis of balances 1-4. ..................................................71 
 
Scheme 4.1. Representations of the folded−unfolded conformational equilibria of the 
molecular torsion balances that provide a quantitative measure of the 
intramolecular Ag−π interaction (red broken line) from the comparison of the 
change of the equilibria in the absence (top) and presence of Ag(I) (bottom). (b) 
Structures of molecular balances 1 and 2 and control balance 3 (shown in their 
folded conformers)............................................................................................................86 
 
Scheme 4.2. Overview of synthesis of balances 1-3. ..................................................99 
 
Scheme 5.1. (a) Mode of action of the molecular balances. (b) Structures of 
molecular balances 1 and 2 shown in their folded conformations. .........................115 
 
Scheme 5.2. Synthetic scheme for molecular balances 1 and 2. .............................116
 1 
 
CHAPTER 1 
MEASURING SOLVENT AND SOLVOPHOBIC EFFECTS USING 
MOLECULAR BALANCES: A REVIEW 
 
 2 
 
Abstract 
Non-polar interactions play a key role in many important processes, such 
as the formation and stability of biological and synthetic assemblies, facilitation of 
molecular recognition processes, and catalysis of chemical reactions.1 One of the 
key determining factors of the strength of a non-polar interaction is the solvent 
environment. Therefore, the development of model systems that can accurately 
measure the influence or effects of solvents on non-polar interaction strengths is 
necessary.  
Introduction 
The solvophobic effect describes the aggregation of non-polar solute 
molecules driven by their solvent environment, in particular in polar and aqueous 
solvents. This phenomena is especially important in directing self-assembly and 
molecular recognition processes and can contribute up to 120 cal/(mol•Å2) of the 
interactions of non-polar surfaces.2 The magnitude of the solvophobic effect relies 
on: solvent cohesion, solvent polarity, chemical identity of solvent(s), chemical 
identity of solute(s), and size and shape of solute. Examples of applications of the 
solvophobic effect include the control of the growth of colloidal nanoparticles,3,4 
the shape of surfactant micelles and block copolymers,5–8 the size and stability of 
supramolecular structures,9,10 and the strength of non-polar host-guest binding 
interactions.11  
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The understanding of solvent and solvophobic effects has been limited by 
a lack of molecular-level predictive models that can accurately simulate solvent 
properties and their effects on solutes. The development of these models require 
accurate measurements of the solvophobic effects in a wide range of solvent 
environments. These experimental studies are crucial to dissect the energetic 
components of solvophobic effects, and to gain insight on the mechanisms of the 
solvophobic effect. However, measuring the effect of solvent environments on 
non-covalent interactions is a challenging task as the changes in interaction 
strengths are small. One strategy has been to design small molecule model 
systems. One of the most common types of model systems are those that monitor 
the influence of a non-covalent interaction on a thermodynamic equilibria, such as 
an intermolecular association or an intramolecular conformational change. The 
equilibria are sensitive to small changes in the non-covalent interaction energies, 
which can be quantified using the equation: G =-RTln(Keq).  One of the most 
popular molecular devices used to study weak interactions are molecular 
balances. Molecular balances are small organic molecules that function via a 
conformational equilibrium between two states (Scheme 1.1). In the folded state, an 
intramolecular non-covalent interaction is formed between two surfaces. In the 
unfolded state, the two surfaces are held apart and the interaction is broken. 
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Scheme 1.1. Illustration of the molecular balance mode of action. 
 
 Therefore, the strength of the interaction can be measured from the 
folded/unfolded ratio. Due to their ability to function in different solvent 
environments, molecular balances are well suited to study solvent effects. Solvent 
studies using intermolecular model systems are much more difficult, due to strong 
solvent competition for the binding interactions. Therefore, this review will 
primarily focus on experimental studies using molecular balances to measure the 
solvent and solvophobic/hydrophobic effects of non-polar alkyl as well as non-
polar aromatic interactions. 
Measuring the hydrophobic effect 
 The hydrophobic effect is the most well-known solvent effect, and one of the first 
to be studied, due to its relevance in biology and biochemistry. Due to the unique 
structure and interactions of water, the hydrophobic effect is manifested 
differently than the solvophobic effect, and requires special study.12 A common 
strategy to study the hydrophobic effect is to measure an interaction in a non-polar 
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solvent with little or no solvophobic effect, such as chloroform, and then measure 
the same interaction in water and compare the interaction energies. One challenge 
in this approach is the requirement that the molecular balance be soluble in both 
non-polar in aqueous systems. To overcome this challenge, solubilizing groups are 
commonly attached that facilitate for solubility in both non-polar, and aqueous 
solvents.  
One of the first studies of this kind by Gellman and co-workers that 
employed E-/Z- conformational equilibria  of secondary amides to estimate the 
hydrophobic effect (Figure 1.1a.). 13 The Z- conformation is roughly 2 kcal/mol 
more stable due to steric repulsion of substituents in the E- conformation. In 
Gellman’s study, a series of secondary amides were synthesized with various N-
substituents and their E-:Z- ratio was measured in chloroform and in water using 
1H NMR. A methyl ester which could be hydrolyzed into a more soluble 
carboxylate was used for studies in water. In chloroform, the less sterically 
hindered Z- conformations of the balances dominated in solution, with only a 6% 
of population in the E- conformation. However, in aqueous solvent the population 
of the E- conformation increased 4-fold for balances that formed benzene-
naphthalene interactions, and a similar 5-fold increase for benzene-biphenyl 
interactions.  
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Increasing the temperature of aqueous solutions from 297 K to 323 K lead 
to a further increase in the E-conformation of to 29%, which is indicative of the 
favorable entropy term of the hydrophobic effect.14 Further evidence that the 
change in populations were driven by the hydrophobic effect was shown by a 
control study that replaced the naphthalene or biphenyl groups with a single 
proton and showed almost no conformation change in chloroform vs water. The 
hydrophobic effect for the naphthalene and biphenyl balances was then estimated 
to be 0.8 kcal/mol. The inability to dissect the contribution of the hydrophobic 
effect vs changes in solvent-solute dispersion interactions is a limitation of this 
study, that will be addressed in future systems. 
  A similar study by Wilcox and co-workers was the measurement of the 
hydrophobic effect on various alkyl-aromatic interactions stabilities using a water 
soluble Wilcox type molecular balance (Figure 1.1b).15 This study measured the 
influence of solvent on the folding of several molecular balances with varying sizes 
of alkyl-aromatic interactions using 1H NMR spectroscopy. The magnitude of the 
hydrophobic effect was determined to be dependent on the size of the interacting 
species with larger surfaces having a stronger hydrophobic effect than smaller 
surfaces. For example, the hydrophobic effect for an isopropyl-benzene interaction 
was 0.22 kcal/mol in strength, while that of a 2-adamantyl group was 0.35 
kcal/mol. 
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Figure 1.1. (a) Structure of Gellman’s secondary amides designed to measure the 
hydrophobic effect. (b) Wilcox’s molecular balances used to measure the 
hydrophobic effect of various alkyl-aromatic interactions. 
By calculating the solvent accessible surface areas of the interacting parts it 
was determined the hydrophobic effected contributed from 5 to 30 cal/mol Å2 of 
stabilization. The results were consistent with the Lum- Chandler-Weeks theory 
of hydrophobicity, which states that larger solutes have increased hydrophobic 
stabilization compared to smaller surfaces through increased surface-drying 
effect, in which more water molecules are expelled from the non-polar surfaces 
into bulk solution.  
Continuum solvent models 
The development of analytical solvent models that employ solvent 
parameters to predict and describe solvent effects on non-covalent interactions in 
solution has driven much of molecular balance solvent effect research.16–24 Two of 
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the most important solvent models that have been frequently used are the solvent 
polarity parameter, ET(30)25 and the solvent cohesion parameter, cohesive energy 
density (ced).26,27 These solvent parameters describe the bulk solvent properties. 
The ET(30) parameter describes how polar a solvent is, by its ability to stabilize 
charge in Reichardt’s dye and thus provides a measure of how well a solvent may 
be able to interact with a solute. The ced parameter describes how cohesive a 
solvent is, or how difficult it is to rearrange solvent molecules around a solute.  
Early studies by Diederich showed the ability of ET(30) to predict the 
association energies aromatic surfaces in different solvents. Diederich and co-
workers measured the binding of non-polar solute pyrene in a macrocyclic 
cyclophane in a wide range of solvents with varying polarities, including water 
(Figure 1.2).  
 
Figure 1.2 (a) Illustration of Pyrene-cyclophane binding interactions in Deiderich’s 
cyclophanes and (b) their association energies plotted against solvent ET(30).  
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The association energies were strongly solvent dependent, and showed a 
linear increase with increasing ET(30). This observation is also seen from early 
work by Iverson and co-workers,28 who measured solvent effects on strongly 
electrostatic aromatic stacking interactions between the electron poor naphthalene 
diimide and electron rich naphthalene units (Figure 1.3a). 
 
Figure 1.3. (a) Structures of aromatic surfaces used in this study. –G association 
plotted against (b) ET(30) and (c) cohesive energy density. 
The association energies of these interactions increased linearly with 
increase in ET(30) and cohesiveness. One interesting observation is that these 
aromatic interactions of strongly electrostatically polarized surfaces appear to 
correlate well with both continuum solvent parameters, ET(30) and ced. 
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 Alternatively, the interactions of non-polar surfaces do not fit well with 
ET(30) and generally fit better with ced. This observation indicates that these 
interactions are more sovophobically driven. For example  Cockroft and co-
workers recently measured the energies of non-polar alkyl-alkyl interactions and 
later determined that these interactions were largely solvophobic, as predicted by 
the strong correlation with the solvent ced parameter.16,17  This study used a variant 
of Wilcox’s molecular balance that formed an intramolecular alkyl-alkyl 
interaction, and the folding energies were measured in a range of non-polar and 
polar organic solvents (Figure 1.4a). An accurate estimation of the interaction 
energy was determined by using a double mutant cycle analysis (Figure 1.4b).29 
The double mutant cycle uses folding energies of three “mutant” balances to 
isolate the interaction of interest and systematically eliminate other factors that 
may influence the folding of balances. The final interaction energies were then 
plotted against various established solvent parameters, such as ET(30), 
Hildebrand solubility parameter, ced, surface tension, and internal pressure, in 
search of the solvent parameter that provided the best predictive model (Figure 
1.4c). The best solvent parameter was ced. The good fit for ced is consistent with 
solvophobic interactions, as ced describes the energy penalty for creating large 
solvation spheres for non-polar solutes. However, significant scatter is still present 
in the correlation plot, resulting in only a moderate R2 value. 
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Figure 1.4. (a) Representation of molecular balances and interactions in this study. 
(b) Double mutant cycle analysis of alkyl-alkyl interaction energies. (c) Interaction 
energies plotted against solvent cohesive energy density. 
Further studies by Cockroft and co-workers showed that the solvent ced 
parameter could be used as a predictor of solvophobic effects for the interactions 
of other non-polar surfaces.19  In each case, the interaction energies increased 
linearly with increasing solvent ced, and that ced is the most accurate single model 
for a range of previously measured interaction energies including: alkyl-alkyl and 
perfluoroalkyl-perfluoroalkyl VDW interactions,17,18 edge-to-face aromatic 
interactions, polystyrene folding,30 and Iverson’s napthalenediimide aromatic 
stacking complexes.28 Interestingly, distinctly different slopes and degree of scatter 
are seen for each type of interaction in Figure 1.5. The alkyl-alkyl interaction had 
the best correlation with ced, while the edge-to-face aromatic interaction had the 
weakest correlation. 
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Figure 1.5. Correlation of non-polar interaction stability with solvent cohesive 
energy density. Reprinted with permission from Yang, L.; Adam, C.; Cockroft, S. 
L. J. Am. Chem. Soc. 2015, 137 (32), 10084–10087. Copyright 2015 American 
Chemical Society. 
The authors hypothesized that the greater scatter in the aromatic interaction 
correlation plot was due to specific repulsive or attractive interactions with the 
aromatic surface. This suggests a multiparameter solvation model is required for 
non-polar aromatic interactions, where specific solvent-solute interactions must be 
accounted for.  
Multiparameter models 
One problem with using single solvent parameters is that only one 
component of the solvation process is described. As previously stated, the 
parameter ced provides a measure of the solvent-solvent interactions but gives no 
information on specific solvent-solute. Conversely the solvent polarity parameter 
ET(30) provides more of a measure of solute-solvent interactions, as opposed to 
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the solvent-solvent interactions. To address this problem, Cockroft created a 
multiparameter model that accounted for solvent cohesion as well as solvent-
solute VDW interactions. This study used two molecular balances to measure 
interaction energies of alkyl-alkyl and perfluoroalkyl- perfluoroalkyl surfaces in 
over 20 solvents. A linear solvation energy relationship (LSER) analysis was used 
to separate the solvophobic and VDW contributions into three additive 
components: the solute-solute VDW interaction, solute-solvent VDW interactions, 
and the solvophobic effect. Therefore, the LSER equation was set up as shown in 
(Scheme 1.2). The solvent cohesive energy density and bulk solvent polarizability 
(P) parameters were chosen to describe the solvophobic contribution and solvent 
VDW interactions, respectively. This yields the equation: 
G (interaction energy) = a (ced) + b (P) + C 
Scheme 1.2. Cockroft’s mulitparameter equation for predicting alkyl and 
perfluoroalkyl interaction energies in different solvents. 
 
 
The remaining intramolecular solute-solute VDW interaction term was 
accounted by a constant (C) and each set of experimental interaction energies were 
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fitted with this equation. The fitting process gives values for the a and b coefficients 
and the constant, C. This analysis showed that solvent-solvent interactions were 
the dominating force involved in alkyl-alkyl and perfluoroalkyl- perfluoroalkyl 
interactions in solution.  
Solvophobic interactions for aromatic surfaces show markedly different 
solvent trends due to the greater electrostatic term of their solvent-solute 
interactions arising from the quadrapole. This requires the development of a more 
nuanced solvent model.  For example, Eminke and co-workers studied how 
specific solvent-aromatic interactions effect the folding equilibrium of our N-aryl 
imide molecular balance in 14 organic solvents (Figure 1.6).21 Contrary to 
Cockroft’s study, Emenike found that the interaction strength was not accurately 
predicted by continuum solvent parameters such as ET(30) and ced (Figure 1.6a). 
For example, the strongest interaction energy was found to take place in DMSO, 
despite having lower ced and ET(30) than methanol. However, combination of the 
Kamlet-Taft hydrogen bonding parameters hydrogen bond donating, 
hydrogen bond acceptingand, * (molecular dipole) were able to accurately 
predict the interaction energies using an additive free energy model. Solvents with 
strong hydrogen bond accepting ability () pushed the equilibrium towards the 
folded conformation, while solvents with strong hydrogen bond donating ability 
() pushed the equilibrium towards the unfolded conformation (Figure 1.6b). 
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Figure 1.6.  (a) CH- interaction strength correlated with solvent polarity and 
cohesive energy density. (b) Molecular balance conformational equilibria altered 
via repulsive solvent lone pair- surface interactions and attractive solvent 
hydrogen-  surface interactions in the unfolded conformations. Linear solvation 
energy relationship equation and fit line. 
The , , and * solvent parameters provide not only a model of the solvent-
solvent interaction but also the solvent-solute term. Emenike hypothesized that 
solvents with high  values contain lone pairs can form repulsive interactions with 
the electron rich -surface destabilizing the unfolded state. Alternatively, solvents 
with high  values can form attractive interactions with the -surface in the 
unfolded conformation and stabilize this state, causing the balance to unfold. The 
multiparameter model was -G = -0.23 + 0.68 +0.24 + (0.1* - 0.09). The fitting 
coefficients (a, b, c, d, and e) provide the sign and importance of each solvent 
parameter toward the folding equilibrium. 
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Recent work in our lab focused on studying the ability of protic solvents to 
dissolve aromatic surfaces, via solvent OH- interactions, and to create solvent 
models that predict the effects of these interactions.19 A water soluble molecular 
balance was created that also contained a 19F NMR tag to allow NMR studies in 
non-deuterated solvents. The CH- interaction energy was tested in 21 different 
aprotic and protic solvents. Protic solvents displayed systematically weaker 
solvophobic interactions than aprotic solvents with similar solvent cohesion 
parameters (Figure 1.7). This was attributed to the formation of OH−π interactions 
between the protic solvents and the exposed aromatic surfaces in the unfolded 
conformer that offset the stronger solvophobic effects for protic solvents. 
 
Figure 1.7. (a) Representation of conformational equilibrium with OH- 
interaction formed in the unfolded conformation. (b) Structure of water soluble N-
arylimide molecular balance (c) Folding energies (-G) of molecular balance in 
aprotic (blue) and protic (orange) solvents plotted against solvent cohesive energy 
density. 
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The role of OH−π interactions in the folding equilibrium was further 
demonstrated by the improved accuracy of analytical models that incorporated 
the hydrogen-bond donating abilities of the solvents. Thus, an equation was 
developed to model the folding energy of the balance as a function of the solvent’s 
ced and αM parameters: −ΔGpredicted = a(ced) + b(M) + c 
where a and b are fitting coefficients, and C is the interaction energy without 
solvent. The ced parameter provides a measure of the solvophobic effect for each 
solvent; αM takes into account the solvent−solute hydrogen-bonding interactions 
with the aromatic shelf. The equation was solved to be: -G = 0.0026(ced) – 
0.016(M) – 0.50. The developed model was then used to plot the predicted folding 
energies against the experimentally measured folding energies (Figure 1.8). This 
improved model is able to fit both aprotic and protic solvents. 
 
Figure 1.8. Folding energies predicted by the equation −ΔGpredicted= 0.0026(ced) – 
0.016(αM) – 0.50 plotted against experimentally determined folding energies of 
balances 1 in protic (orange) and aprotic (blue) solvents. 
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Models for biological environments 
        Molecular balances have also been employed to study solvent and 
solvophobic effects of biologically relevant surfaces or processes. An example is 
the influence of aqueous salt and buffer solutions, on the folding and denaturation 
energies of protein side chains. Anion effects on protein stabilization/denaturation 
has been previously studied using large model systems with several non-covalent 
and anion binding interactions.31 Molecular balances offer an opportunity to study 
these effects in a more controlled environment. To demonstrate the viability of 
molecular balances to study anion effects, our group studied the anion effects in 
organic solvent on the folding equilibrium of an N-aryl imide balance which 
formed an intramolecular CH- interaction. Anions added to organic solution 
were found to strengthen the solvophobic interaction of the non-polar surfaces up 
to two-fold (Figure 1.9) This study used two molecular balances that modeled 
different sized non-polar aromatic interactions, as well as two control balances that 
lacked the aromatic surface and thus could not form the interaction (Figure 1.9a.). 
Addition of tetrabutylammonium chloride salt increased the folding of all 
balances linearly with increasing salt concentration (Figure 1.9b.) Larger anion 
effects were seen for balances that contained aromatic surfaces and coulf form 
intramolecular interactions (1-2) than the control balances (3-4). 
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Figure 1.9. (a) Scheme of molecular balance mode of action and structures of 
balances used in this study. (b) Change of folding energies for balances 1-4 with 
increasing TBA•Cl concentration. (c) Slopes of titration lines shown in b plotted 
against the calculated change in solvent accessible surface area of balances 1-4. 
Moreover, balances with the ethyl group had larger anion effects than 
balances with the correspsonding methyl group (2 > 1 and 4 > 3). We hypothesized 
that the anions increased the polarity of the solvent, strengthening the solvophobic 
effect. To confirm the anion-enchanced solvophobic effect, the slopes of the 
titration lines in Figure 1.9b were plotted against the change in solvent accessible 
surface area between the folded and unfolded conformations of the molecular 
balances (Figure 1.9c). A linear correlation was observed that provided a 
quantitative estimate of the solvophobic enhancement of roughly 3.0 cal/mol Å2 
per M of TBA•Cl. 
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Summary and conclusion 
In summary, molecular balances are excellent model systems for the 
development of new solvent models for non-polar interactions. Several groups 
have used molecular balances to predict solvation models for various aromatic 
interactions, as well as aliphatic and fluorous. Cockroft et al has shown that solvent 
cohesive energy density can be used as a model to quantitatively predict the 
strength of several non-polar interactions. Emenike et al has highlighted that 
specific solvent-aromatic interactions determined by hydrogen bonding 
properties of solvents is a major factor in the solvation energies of aromatic 
surfaces. Stuides in our lab have shown that OH- interactions severely attenuate 
the solvophobic effect in protic solvents and that the combination of solvent 
parameters can be used to accurately predict the folding energies of balances in 
solution using linear solvation energy relationship. Future studies may include 
using molecular balances as simple models to measure non-covalent interactions 
in biological environments, such as protein folding. 
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CHAPTER 2 
MEASRUREMENT OF SOLVENT OH- INTERACTIONS USING A 
MOLECULAR BALANCE1 
  
                                                          
1 Reproduced with permission from Maier, J. M.; Li, P.; Vik, E. C.; Strickland, M. 
S. S.; Shimizu, K. D. J. Am. Chem. Soc. 2017, 139, 6550-6553. Copyright 2017 
American Chemical Society. 
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Abstract 
This chapter describes the measurement of solvent OH- interactions using 
a molecular device. A molecular torsion balance was designed to study and 
measure OH− interactions between protic solvents and aromatic surfaces. These 
specific solvent-solute interactions were measured via their influence on the 
folded−unfolded equilibrium of an N-arylimide rotor. Protic solvents displayed 
systematically weaker solvophobic interactions than aprotic solvents with similar 
solvent cohesion parameters. This was attributed to the formation of OH− 
interactions between the protic solvents and the exposed aromatic surfaces in the 
unfolded conformer that offset the stronger solvophobic effects for protic solvents. 
Introduction 
The solvation energy of aromatic surfaces is important in determining and 
modulating the structure, stability, and function of many biological and self-
assembly systems.1 In this regard, an important but less studied solvent effect is 
the OH−π interaction between protic solvents and aromatic surfaces.2 These 
interactions have been cited as key contributors to the enhanced solubility of small 
aromatic surfaces in aqueous and protic solvents.3 OH−π interactions are thought 
to play an important role in protein structure and other biological assemblies and 
processes.4 Also, these interactions have provided an explanation for the 
unusually high fraction of aromatic amino acids, such as phenylalanine and 
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tryptophan, on the solvent-accessible surfaces of proteins.5,6 Despite the 
importance of OH− interactions, few studies have systematically examined their 
influence on solvophobic interactions of aromatic surfaces. The majority of studies 
have focused on characterizing the geometry of the interaction in the gas phase or 
in silico.7 Therefore, the goal of this study was to measure the influence of OH- 
interactions formed by various solvents on the solvation energy of an aromatic 
surface using a molecular balance (Scheme 2.1). This molecular machine8 has been 
used to measure and study a range of weak non-covalent interactions such as CH-
, 9 CD-, 10 cation-, 11 aromatic stacking,12 and Ag- 13 interactions in solution. 
Molecular balance 1 adopts distinct folded and unfolded conformations due to 
restricted rotation of the N-arylimide rotor. In the folded conformer, the methyl 
group on the rotor forms an intramolecular CH- interaction with the aromatic 
shelf, partially shielding the aromatic surface from solvent interactions. In the 
unfolded conformation, the CH- interaction is broken, and the nonpolar methyl 
and the aromatic shelf are exposed to solvent. Thus, the formation of discrete 
solute−solvent interactions such as OH- interactions would effectively compete 
with the intramolecular CH- interaction, which would shift the conformational 
equilibrium toward the unfolded conformer. Versions of balance 1 with a methyl 
arm and aromatic shelf have been successfully employed to study CH- 
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interactions in the solid state,14,9g CH- isotope effects,10 cationic CH- 
interactions,9h and solvophobic effects.15,9h 
Scheme 2.1. (a) Representation of the folded−unfolded conformational equilibrium 
for the molecular balance model system designed to study solvent OH- 
interactions; (b) Structures of molecular balances 1 and 2 (shown in their folded 
conformations). 
 
However, these studies have been primarily conducted in aprotic organic 
solvents because of the poor solubility of the bicyclic N-arylimide framework in 
protic solvent systems. Thus, the influence of OH- interactions on the folding 
equilibrium have not been systematically studied. Therefore, versions of the 
balances (1a and 1b; Scheme 2.1b) were prepared with carboxylic acid (1a) and 
dendritic (1b) groups that improved the solubility of the balances in protic 
solvents. The solubilizing groups were attached at the para position of the N-aryl 
rotor on the rotational axis. This positioned the solubilizing groups symmetrically 
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with respect to the folded and unfolded conformers, minimizing additional biases 
on the folding equilibrium. Control balances 2a and 2b were also prepared that 
had the same methyl arms but lacked the aromatic shelf and thus could not form 
an intramolecular CH−π interaction. The synthesis of balances 1a and 1b followed 
the previously described routes (Figure 2.1a).  
 
Figure 2.1. (a) Synthetic scheme for molecular balances 1a and 1b. (b) 1H NMR 
spectrum (in CDCl3) of protons used to measure the folding ratio of balance 1b. (c) 
19F NMR spectrum (in CDCl3) of the CF3 group in the folded and unfolded 
conformations of balance 1b. The folded and unfolded conformations are labeled as 
f and u, respectively.  
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The N-aryl rotor with a carboxylic acid group was condensed with 
trifluoromethylmaleic anhydride. The resulting maleimide 3 was reacted with 
pentacene in a Diels−Alder reaction to form the bicyclic balance 1a with the 
carboxylic acid solubilizing group. The water-soluble balance 1b was prepared by 
coupling dendritic solubilizing group 5 formed from three aspartic acid units to 
the carboxylic acid of 1a. The tert-butyl protecting groups on the dendritic group 
were then removed, yielding 1b. Control balances 2a and 2b were synthesized in 
an analogous manner using cyclopentadiene as the diene in the Diels−Alder 
reaction. The folding ratios and energies (−ΔG) of 1 and 2 were measured in aprotic 
(diethyl ether, benzene, CHCl3, CH2Cl2, CH3NO2, THF, and ethyl acetate, 
dimethylformamide, pyridine, acetone, acetonitrile, and DMSO), and protic (tert-
butanol, isopropanol, ethanol, methanol, water, and 0−100% methanol/water 
mixtures). To increase the accuracy of the folded/unfolded measurements, a CF3 
label was incorporated into the bicyclic frameworks of 1 and 2, which allowed the 
folding ratio to be conveniently measured by 19F NMR spectroscopy (Figure 2.1c). 
Integration of the 19F NMR spectra provided more accurate folding ratios in 
comparison with the 1H NMR spectra (Figure 1b) because it has the following 
advantages: (1) the clear separation of the folded and unfolded peaks, (2) the 
absence of additional peaks from solvent or the balance framework that could 
obscure the CF3 peaks, and (3) the simpler singlet peak shapes in the 19F NMR 
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spectra. In addition, 19F NMR spectroscopy allowed us to use nondeuterated 
solvents, which greatly extended the number of potential solvent systems. 
Comparison of the folding ratios of the balances with the smaller (1a) and larger 
(1b) solubilizing groups showed an excellent correlation in their interaction 
energies (−ΔΔG1−2) over a range of solvents (Figure 2.2).  
 
Figure 2.2. Plot of G values of balance 1a plotted against balance 1b. 
The −ΔΔG1−2 values were obtained by subtracting the folding energy of 
control balance 2 from the folding energy of balance 1. The strong correlation 
between the −ΔΔG1−2 values for 1a and 1b in different solvent systems confirmed 
that the carboxylate and dendrimer solubilizing groups have the same folding 
energies in solution. The −ΔΔG1−2 values for 1a and 1b were within the 
experimental error (±0.03 kcal/mol),16 and the correlation coefficient between the 
folding energies for 1a and 1b was close to unity (R2 = 0.98). The ability of the 
balances to form and measure the strength of the intramolecular CH−π 
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interactions was confirmed by X-ray crystallography and NMR spectroscopy. 
Crystal structures of analogues of the balances that lacked the CF3 groups were 
obtained (Figure 2.3).9g Both structures crystallized in the folded conformation. 
The structure of the balance 1a analogue had a well-defined intermolecular CH−π 
interaction and a hydrogen-to-aromatic plane distance of 2.824 Å. More 
importantly, the methyl group was positioned over the center of the naphthalene 
shelf, hindering solvation of the top face in the folded conformation. The crystal 
structure of the control balance analogue confirmed that the methyl arm did not 
form any intramolecular interactions in the absence of the aromatic shelf. 
 
Figure 2.3. Crystal structures of analogues of balances 1a (left) and 2a (right) that 
lack the CF3 label. 
Next, the influences of different solvents on the folding energies of the 
balances were measured in aqueous, protic and aprotic solvents using balances 1a 
and 2a and in aqueous solvents using balances 1b and 2b. The solvent effects were 
analyzed by plotting the measured folding energies (−ΔG) of balance 1 against 
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empirical solvent parameters such as ET(30), 1a the cohesive energy density 
(ced),15 and Kamlet−Taft hydrogen-bond parameters (α and β)9d that had been 
successfully employed to model solvophobic effects. In accord with these previous 
studies, the folding energy of 1 increased with increasing solvent polarity as 
measured by these solvent parameters. This is consistent with the balance 
providing a sensitive measure of the solvophobic effects for the various solvents, 
which tip the equilibrium toward the more compact folded conformer. The best 
correlation was observed with the solvent parameter ced (Figure 2.4), in accord 
with Cockroft’s studies that found ced to be a good measure of solvophobic 
effects.15  
 
Figure 2.4. (left) Folding energies (−ΔG) and (right) interaction energies (−ΔΔG1−2) 
of balance 1 in aprotic (blue) and protic (orange) solvents plotted against solvent 
cohesive energy density. The slopes of the aprotic lines from left to right are 2.2, 
1.7, and 2.0 cm3 / mol, respectively. The slopes of the protic lines from left to right 
are 0.6 and 0.3 cm3 /mol. 
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Interestingly, distinct and well-separated trendlines were observed for 
protic and aprotic solvents. The other solvent parameters, ET(30) and Kamlet−Taft 
α and β, also displayed distinct trend lines for the protic and aprotic solvents, 
although with more scatter (Figures 2.5 and 2.6). 
 
Figure 2.5.  Plot of -G values for balance 1 against ET(30) solvent polarity 
parameter. 
 
 
Figure 2.6. Experimentally determined folding energies of balance(s) 1 in protic 
and aprotic solvents plotted against folding energies (-G) predicted by LSER 
equation using  and  solvent parameters. 
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Particularly surprising were the relative slopes of the protic and aprotic 
trendlines. We expected the protic plot to have a steeper slope because protic 
solvents usually display stronger solvophobic effects due to their ability to form 
strong cohesive hydrogen-bonding interactions. However, the opposite trend was 
observed. The protic solvent trendline had a smaller slope, leading to 
systematically lower folding ratios than the aprotic solvents. For example, ethanol 
and DMSO have comparable ced values (161.3 and 168.6 cal/cm3 ), yet ethanol had 
a 0.28 kcal/mol lower −ΔG value. We hypothesized that the weaker than expected 
solvophobic effects for the protic solvents could be due to the formation of OH−π 
interactions between the protic solvents and the aromatic shelf in the unfolded 
conformer (Scheme 2.1a). These specific solvent interactions would stabilize the 
unfolded conformer, balancing out the enhanced cohesive interactions and 
solvophobic effects of the protic solvents. One concern was that dipole differences 
or steric effects could be responsible for the separate trendlines observed. To assess 
the influence of these biases in balance 1, the folding energies of control balance 2 
were subtracted from those of balance 1 to yield −ΔΔG1−2 values for the solvents, 
which were correlated with ced. Again, separate trendlines were observed for the 
protic and aprotic solvent systems, confirming that the distinct stability trends 
were due to inherent differences in the solvent interactions and solvation energies 
of the solvents. The more precise −ΔΔG1−2 analysis also revealed a third solvent 
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trendline for the aprotic solvents with the ability to form hydrogen-bond-donating 
interactions. This intermediate trendline includes CHCl3, CH2Cl2, CH3CN, and 
CH3NO2, which are all of the aprotic solvents with Kamlet−Taft hydrogen bond-
donating α parameters greater than zero. The role of OH−π interactions in the 
folding equilibrium of 1 was further demonstrated by the improved accuracy of 
analytical models that incorporated the hydrogen-bond donating abilities of the 
solvents. Equation 1 was developed to model the folding energy of the balance as 
a function of the solvent’s ced and αM parameters:  
−ΔGpredicted = a(ced) + b(αM) + c               (1) 
where a, b, and c are fitting coefficients. The ced parameter provides a measure of 
the solvophobic effect for each solvent; αM takes into account the solvent−solute 
hydrogen-bonding interactions with the aromatic shelf. In this study, the molar 
version of the Kamlet−Taft hydrogen-bond-donating parameter α was used to take 
into account the relative concentrations of hydrogen-bonding groups in each 
solvent that can form specific solvent−solute interactions with the aromatic surface 
of the balances. The ability of this two-parameter model to fit the folding energies 
of both protic and aprotic solvents (R2 = 0.88; Figure 2.7) supports our hypothesis 
that OH−π interactions of the protic solvents play an important role in their 
solvation effects of aromatic surfaces. Thus, solvophobic effects for protic and 
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aprotic solvents can be estimated by ced, as previously demonstrated by Cockroft. 
However, the apparent weaker solvophobic effects of the protic solvents are due 
to OH−π interactions that enhance the solubility of aromatic surfaces. The 
importance of OH−π interactions between protic solvents and aromatic surfaces 
has also been seen in other studies. Molecular balance solvent studies by 
Emenike9d and Cockroft15 observed that protic solvents such as alcohols and 
organic/water mixtures were outliers in analyses that took into account only the 
solvophobic effects. Similar to our studies, the protic solvents showed weaker than 
expected solvophobic effects. However, only a few protic solvents were measured, 
and thus, the unique trends for protic solvents were not evident. 
 
 
Figure 2.7. Folding energies predicted by the equation −ΔGpredicted = 0.0026(ced) 
− 0.016(αM) − 0.50 plotted against experimentally determined folding energies of 
balance 1 in protic (orange) and aprotic (blue) solvents. 
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In other experimental studies, the influence of solvent OH−π interactions 
was observed by Gai and co-workers in measurements of the fluorescence of an 
indole analogue in various solvents.6c Solvents with hydrogen-bond-donating 
abilities (α > 0) quenched the fluorescence to various extents, which was attributed 
to the formation of hydrogen-bonding interactions between solvent molecules and 
the aromatic π surface of the indole. The energy difference in the trendlines for the 
aprotic and protic solvent systems in the ced plot (Figure 2.4) provides the 
opportunity to estimate the strength of the OH−π interaction for each protic 
solvent. For weakly hydrogen-bonding solvents such as tert-butanol, isopropanol, 
ethanol, and methanol, the OH−π interaction is 0.1 to 0.3 kcal/mol, but for a 
strongly hydrogen-bonding solvent such as water, the interaction is worth 0.75 
kcal/mol. This value is of similar magnitude to the experimental (0.48 kcal/mol) 
and computational (0.72 kcal/ mol) energies of the water−benzene interaction 
determined by Ben-Amotz and co-workers.7d   
Conclusion 
In summary, this study shows that favorable solvent OH−π interactions can 
greatly attenuate the solvophobic effects for protic solvents. These specific 
solvent−solute interactions lead to an overestimation of the solvent effects for 
protic solvents using models that rely solely on a single measure of the 
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solvophobic effect such as ced or ET(30).14,17 The magnitude of the solvent OH−π 
interactions is directly correlated to the hydrogen-bond-donating ability of the 
solvent parameters such as αM. Thus, a linear solvation energy relationship 
(LSER) equation that more accurately predicts the folding energies of the 
molecular balance in protic and aprotic solvents was developed using the solvent 
parameters ced and αM. This study demonstrates that solvent OH−π interactions 
can have a dramatic effect on equilibrium processes involving aromatic surfaces 
in protic solvents and further supports their role in protein folding and other 
association processes in water.  
Future studies 
        The goal for future work should be to study the solvent effect for different 
types and sizes of non-polar surfaces and determine if the magnitude of the effect 
correlates with solvent accessible surface area. To begin this study, three 
additional molecular balances with various sizes of interacting surfaces were 
created and tested in a small sample of protic and aprotic solvents to determine 
the solvent effects (Figure 2.8). Balance 4, which contains the larger pentacene shelf 
and the larger ethyl alkyl arm, showed the largest solvophobic effect, as shown by 
the larger slope of the aprotic solvent line. The solvophobic effect for balances 1-3 
are similar, as shown by their respective slopes. The next step would be to develop 
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a similar balance to test an aromatic stacking interaction and compare this result 
with the CH- interactions. 
 
Figure 2.8. Preliminary results of different sized solvophobic interactions in 
various solvents. (left) Folding energies of various CH- balances tested in protic 
(squares) and aprotic (circles) solvents plotted against solvent cohesive energy 
density. (right) Structures of balances used for this study. 
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 Supporting information 
        NMR spectra were recorded on Bruker 300 or 400 MHz spectrometers. 
Chemical shifts are reported in ppm () and were internally referenced. All 
chemicals were purchased from commercial suppliers and were used as received. 
Synthesis and characterization of molecular balances. 
Scheme 2.2. Overview of synthesis of balances 1-2. 
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General procedure for preparing balances 1-2 
The first step of the synthesis is a thermal condensation reaction between 
trifluoromaleic anhydride and 4-amino-3-methylbenzoic acid to produce 
maleimide 3. After purification maleimide 3 was then submitted to a Diels-Alder 
reaction with the appropriate diene to form balance 1a or 2a. The larger 
solubilizing group could then be added via amide coupling followed by acidic 
deprotection of t-butyl ester groups to form balances 1b or 2b. The larger 
solubilizing group was prepared in two steps by coupling aspartic acid groups to 
form a dendrimer. Trifluoromaleic anhydride, 4-amino-3-methylbenzoic acid and 
dienes were commercially available. Cyclopentadiene was formed by distillation 
of dicyclopentadiene and was used immediately after distillation. 
Preparation of 3: 
 
Trifluoromaleic anhydride (0.5 g, 3.0 mmol) was added to a solution of 4-
amino-3-methylbenzoic acid (0.455 g, 3.0 mmol) in 10 mL acetic acid and refluxed 
for 24 h. The solvent was removed under vacuum to produce a red oil that was 
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purified by silica gel column chromatography with a 1:1 ethyl acetate:hexanes 
mixture as the eluent. The resulting pink oil was dried under vacuum to produce 
a light pink powder (0.5 g, 56% yield.) 1H NMR (400 MHz, (CD3)2CO)  = 8.05 (s, 
1H), 7.98 (dd, J= 9.8, 6.6 Hz, 1H), 7.72 (m, 1H), 7.46 (d, J= 8.17 Hz, 1H), 2.29 (s, 3H). 
13C NMR (101 MHz, (CD3)2CO)  = 171.19, 166.07, 166.03, 164.03, 164.01, 137.31, 
135.61, 135.57, 135.52, 135.48, 134.23, 132.13, 131.50, 129.16, 127.88, 17.04. HRMS 
Negative Ion ES calculated for C13H8F3NO4: 298.0333; obs: 298.0329. 
Preparation of 5: 
 
Step 1 
CBZ protected L-aspartic acid (0.5 g, 1.87 mmol) was dissolved in dry DCM (20 
mL) along with 3 equivalents of L-aspartic t-butyl ester (1.58 g, 5.62 mmol) and 
dimethylamino pyridine (0.045 g, 0.37 mmol) and was cooled to 0 °C. Next, a 
solution of EDCI HCl (1.08 g, 5.62 mmol) in DCM (10 mL) was added dropwise to 
the reaction mixture followed by the dropwise addition of triethylamine (0.77 mL). 
The reaction was stirred at rt for 4 h or until completion indicated by TLC analysis.        
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Excess amine was removed via acid base extraction and the product was obtained 
via silica gel column chromatography with 1:3 ethyl acetate:hexanes as the eluent. 
The product was dried to a white powder. 1H NMR (300 MHz, CD2Cl2)  = 7.42-
7.29 (m, 6H), 6.68 (d, J = 8 Hz, 1H), 6.28 (d, J = 7.7 Hz, 1H), 5.11 (s, 2H), 4.64-4.49 
(m, 3H), 2.92-2.59 (m, 6H), 1.43 (m, 36H). 13C NMR (75 MHz, (CD3)2CO)  = 170.59, 
170.23, 170.18, 169.85, 169.65, 169.51, 156.03, 136.61, 128.43, 127.97, 127.89, 82.02, 
81.33, 81.23, 66.82, 51.62, 49.39, 49.34, 37.55, 37.33, 27.84, 27.81, 27.68, 27.66. HRMS 
Pos Ion ES calculated for C36H55N3O12:  722.3864; obs: 732.3858. 
Step 2 
The cbz protecting group was then removed via hydrogenation reaction. 
Step 1 intermediate 4 (1.0 g, 1.38 mmol) was dissolved in ethanol (20 mL) along 
with 10% Pd/C catalyst (10% mol) and was placed in a hydrogenator and reacted 
overnight. The Pd/C was then filtered using celite and the remaining solution was 
concentrated under vacuum to yield 5 as a clear oil (0.6 g, 74% yield) and was used 
without further purification. 1H NMR (400 MHz, CD3Cl)  = 8.13 (d, J = 8.6 Hz, 1H), 
6.89 (d, J = 8.2 Hz, 1H), 4.68-4.62 (m, 2H), 3.79-3.76 (m, 1H), 2.88-2.47 (m, 6H), 2.35 
(s, 2H), 1.44 (m, 36H). 13C NMR (101 MHz, CD3Cl)  = 173.43, 170.53, 170.29, 169.88, 
169.70, 82.35, 82.20, 81.61, 81.56, 52.52, 49.09, 49.02, 40.78, 37.64, 37.40, 28.06, 27.93, 
27.90. HRMS Pos Ion ES calculated for C28H49N3O10:  588.3491; obs: 588.3496. 
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Preparation of balance 1a: 
 
Maleimide 3 (0.05 g, 0.168 mmol) and pentacene (0.047 g, 0.168 mmol) were 
dissolved in toluene and refluxed for 12 h. The solvent was removed under 
vacuum to produce a white powder that was purified by silica gel column 
chromatography with a 1:1 ethyl acetate:hexanes mixture as the eluent. The 
resulting solution was dried under vacuum to form a tan powder (0.077 g, 80% 
yield) 1H NMR (400 MHz, (CD3Cl)  = 7.93-7.14 (m, 14H major and minor), 6.99 (d, 
J = 8.2 Hz, 1H minor), 5.31 (s, 1H minor), 5.30 (s, 1H major), 5.20 (d, J = 3.35 Hz, 1H 
minor), 5.17 (d, J = 3.35 Hz, 1H major), 4.97 (d, J = 8.2 Hz, 1H major), 3.71 (d, J = 3.5 
Hz, 1H major and minor), 2.10 (s, 3H major), 0.57 (s, 3H minor). 13C NMR (101 
MHz, CD3Cl)  = 173.37, 173.13, 169.93, 136.86, 136.60, 136.38, 135.42, 135.19, 134.95, 
134.64, 134.24, 133.06, 132.81, 132.73, 132.63, 132.51, 130.36, 130.22, 128.55, 128.14, 
128.04, 127.92, 127.85, 127.74, 127.63, 127.20, 127.08, 126.89, 126.75, 126.57, 126.48, 
125.18, 125.06, 124.51, 124.08, 123.30, 123.13, 49.38, 46.27, 45.98, 45.72, 45.49, 30.95, 
17.22, 15.62. HRMS Direct Exposure Probe calculated for C33H22F3NO4:577.1501; 
obs: 577.1492. 
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Preparation of balance 1b: 
 
Step 1 
Balance 1a (0.3 g, 0.518 mmol) and aspartic acid t-butyl ester dendrimer 5 
(0.365 g, 0.622 mmol) were dissolved in dry DCM (15 mL) and cooled to 0 °C. Next, 
DMAP (10% mol) and EDCI HCl (0.1 g, 0.622 mmol) were dissolved in DCM (5 
mL) and added dropwise to the solution of 1a and 5. The reaction was then stirred 
at rt for 3 hours under nitrogen or until the reaction was complete by TLC analysis. 
The reaction was washed with water and the organic layer was collected and dried 
under vacuum. The crude product was then purified by silica gel column 
chromatography with a 1:3 ethyl acetate: hexane mixture as the eluent. The 
resulting solution was dried to form a pale yellow powder (0.44 g, 75% yield) 1H 
NMR (400 MHz, (CD3Cl)  = 8.04 (d, J = 7.6 Hz, 1H minor), 7.92-7.41 (m, 14H major 
and minor), 7.08 (d, J = 7.6 Hz, 1H major), 6.93 (d, J = 8.2 Hz, 1H minor), 6.78 (d, J 
= 8.3 Hz, 1H major and minor), 5.29 (s, 1H minor), 5.28 (s, 1H major), 5.19 (d, J = 
3.35 Hz, 1H minor), 5.17 (d, J = 3.35 Hz, 1H major), 4.98 (d, 8.2 Hz, 1H major), 4.92-
4.85 (m, 1H major and minor), 4.67-4.59 (m, 2H major and minor), 3.69 (d, J = 3.4 
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Hz, 1H major and minor), 2.97-2.56 (m, 6H major and minor) 2.07 (s, 3H major), 
1.43-1.35 (m, 36H major and minor), 0.53 (s, 3H minor). 13C NMR (101 MHz, CDCl3) 
 = 173.38, 170.87, 170.40, 170.19, 169.76, 169.53, 169.35, 165.94, 136.54, 136.29, 
135.16, 134.79, 134.22, 132.87, 132.78, 132.61, 132.49, 129.74, 128.01, 127.91, 127.84, 
127.14, 126.94, 126.70, 126.53, 126.44, 125.75, 125.15, 125.01, 124.46, 124.04, 123.26, 
123.11, 50.06, 49.41, 49.31, 49.17, 46.22, 45.94, 45.48, 37.33, 37.20, 36.83, 28.08, 27.96, 
27.88, 17.25, 15.65. HRMS Pos Ion ES calculated for C63H69F3N4O13: 1147.4891; obs: 
1147.4880. 
Step 2 
Protected balance 6 (0.05 g, 0.036 mmol) was dissolved in dry DCM (5 mL) 
and cooled to 0 °C. Next, trifluoroacetic acid (TFA) (0.5 mL) was added dropwise 
and the reaction was stirred at rt for 2 days. The solvent was removed with a 
stream of nitrogen and the product was precipitated with diethyl ether to form a 
white powder (0.02 g, 61% yield). The powder was dried under vacuum and used 
without further purification. 1H NMR (300 MHz, (CD3)2CO)  = 8.14-7.48 (m, 14H 
major and minor) 7.09 (d, J = 8.1 Hz, 1H major and minor), 7.04 (d, J = 8.2 Hz, 1H 
minor), 5.45 (s, 1H major and minor), 5.35 (d, J = 3.45 Hz, 1H minor), 5.33 (d, J = 
3.45 Hz, 1H major), 4.95 (d, J = 8.2 Hz, 1H major), 4.95 (m, 1H major and minor), 
4.83-4.75 (m, 2H major and minor), 4.01 (d, J = 3.4 Hz, 1H major), 3.98 (d, J = 3.4 Hz, 
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1H minor), 2.92-2.78 (m, 6H major and minor), 2.05 (s, 3H major), 0.53 (s, 3H 
minor). 13C NMR (101 MHz, (CD3OD)  = 173.43, 172.73, 172.65, 172.55, 172.44, 
171.32, 170.71, 167.44, 137.31, 136.77, 136.26, 135.98, 135.78, 135.40, 134.89, 134.58, 
133.22, 132.98, 132.91, 132.86, 132.80, 132.63, 129.74, 127.82, 127.59, 127.53, 126.68, 
126.52, 126.33, 126.11, 126.02, 125.73, 125.30, 124.78, 124.64, 124.14, 123.99, 123.87, 
123.72, 123.07, 122.86, 50.86, 49.11, 48.87, 48.81, 48.49, 46.12, 45.71, 45.19, 36.66, 
35.30, 15.89, 14.72. HRMS Pos Ion ES calculated for C47H37F3N4O13: 923.2387; obs: 
923.2342. 
Preparation of balance 2a: 
 
Maleimide 3 (0.132 g, 0.443 mmol) and an excess of freshly distilled 
cyclopentadiene (0.09 g, 1.33 g) were refluxed in toluene (5 mL) for 12 h. The 
reaction was purified by column chromatography 1:3 ethyl acetate:hexanes to 
yield a white powder ( 0.05 g, 31% yield). 1H NMR (400 MHz, (CD3)2CO)  = 8.02 
(s, 1H major), 8.00 (s, 1H minor), 7.95 (d, J = 8.6 Hz, 1H minor), 7.93 (d, J = 8.6 Hz, 
1H major), 7.16 (d, J = 8.2 Hz, 1H minor), 7.13 (d, J = 8.2 Hz, 1H major), 6.58-6.49 
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(m, 2H major and minor), 3.88-3.85 (m, 1H major and minor), 3.61 (s, 2H major and 
minor), 2.18 (s, 3H minor), 2.17(s, 3H major), 2.11-1.82 (m, 2H major and minor). 
13C NMR (101 MHz, (CD3)2CO)  = 173.25, 172.82, 170.27, 165.98, 137.99, 137.06, 
136.93, 136.75, 136.55, 136.48, 135.02, 132.18, 132.05, 131.70, 128.83, 128.31, 128.07, 
127.95, 61.87, 61.61, 61.30, 61.04, 60.78, 60.52, 50.93, 50.46, 50.44, 49.23, 48.34, 47.15, 
46.89, 45.95, 45.52, 18.19, 16.48. HRMS Direct Probe calculated for C18 H14F3NO4: 
365.0875; obs: 365.0882 
Preparation of balance 2b: 
 
Step 1 
Balance 2a (0.220 g, 0.603 mmol) and aspartic acid t-butyl ester dendrimer 
5 (0.426 g, 0.724 mmol) were dissolved in dry DCM (15 mL) and cooled to 0°C. 
Next, DMAP (10% mol) and EDCI HCl (0.144 g, 0.724 mmol) were dissolved in 
DCM (5 mL) and added dropwise to the solution of 2a and 5. The reaction was 
then stirred at rt for 3 hours under nitrogen or until the reaction was complete by 
TLC analysis. The reaction was washed with water and the organic layer was 
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collected and dried under vacuum. The crude product was then purified by silica 
gel column chromatography with a 1:3 ethyl acetate: hexane mixture as the eluent. 
The resulting solution was dried to form a pale yellow powder (0.4 g, 70% yield) 
1H NMR (400 MHz, (CD3Cl)  = 8.25 (d, J = 7.8 Hz, 1H major and minor), 7.86 (s, 
1H major), 7.84 (s, 1H minor), 7.80 (d, J = 8 Hz, 1H minor), 7.78 (d, J = 8 Hz, 1H 
major), 7.57 (d, J = 8 Hz, 1H major and minor), 7.11 (d, J = 8.2 Hz, 1H minor), 7.09 
(d, J = 8.2 Hz, 1H major), 6.58-6.48 (m, 2H major and minor), 4.99-4.95 (m, 1H major 
and minor), 4.68-4.61 (m, 2H major and minor), 3.88-3.85 (m, 1H major and minor), 
3.61 (s, 2H major and minor), 2.95-2.66 (m, 6H major and minor) 2.16 (s, 3H minor), 
2.14 (s, 3H major), 2.11-1.82 (m, 2H major and minor). 1.46-1.49 (m, 36H major and 
minor). 13C NMR (101 MHz, (CD3)2CO)  = 173.28, 170.30, 169.58, 169.52, 169.48, 
165.58, 138.00, 137.05, 136.93, 136.53, 136.47, 136.28, 135.50, 133.74, 129.97, 129.77, 
128.65, 128.16, 125.77, 81.20, 81.15, 80.58, 80.47, 50.93, 50.51, 50.43, 49.61, 49.53, 
49.43, 49.19, 48.29, 47.13, 46.86, 45.93, 45.49, 37.25, 37.16, 36.68, 27.36, 27.33, 27.23, 
27.20, 23.00, 21.95, 18.27, 16.55. HRMS Pos Ion ES calculated for C46 H61F3N4O13: 
935.4265; obs: 935.4253 
Step 2 
Protected balance 7 (0.100 g, 0.107 mmol) was dissolved in 6 mL of dry DCM 
and cooled to 0 °C. Next, 0.6 mL of TFA was added dropwise to the solution and 
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the reaction was then stirred at rt for 2 days. The solvent was removed with a 
stream of nitrogen and the product was precipitated with diethyl ether to form a 
white powder (0.02 g, 61% yield). The powder was dried under vacuum and used 
without further purification. 1H NMR (400 MHz, CD3OD)  = 7.85 (s, 1H major), 
7.84 (s, 1H minor), 7.77 (d, J = 8 Hz, 1H minor), 7.75 (d, J = 8 Hz, 1H major), 7.07 (d, 
J = 8.2 Hz, 1H minor), 7.05 (d, J = 8.2 Hz, 1H major), 6.53-6.48 (m, 2H major and 
minor), 5.00-4.95 (m, 1H major and minor), 4.77-4.74 (m, 2H major and minor), 
3.88-3.85 (m, 1H major and minor), 3.61 (s, 2H major and minor), 2.93-2.83 (m, 6H 
major and minor) 2.16 (s, 1H minor), 2.14 (s, 1H major), 2.11-1.87 (m, 2H major and 
minor). 13C NMR (101 MHz, CD3OD)  = 173.98, 172.68, 172.58, 172.49, 172.39, 
171.39, 170.77, 169.07, 167.83, 141.24, 137.77, 136.80, 136.56, 136.40, 136.32, 135.12, 
133.56, 130.02, 129.88, 128.32, 127.79, 125.86, 50.94, 50.75, 50.27, 49.20, 48.86, 48.81, 
48.31, 45.88, 45.43, 36.73, 35.37, 35.30, 17.79, 16.03. HRMS TOF MS ES+ calculated 
for C30 H29F3N4O13: 711.1756; obs: 711.175 
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Solvent data 
Table 2.1. Solvent parameters, folding energies, interactions energies, and 
predicted folding energies. Solvent mixtures are reported in v/v %. Solvent 
cohesive energy density (ced) and M values for methanol/water solvent mixtures 
are calculated assuming these values scale linearly with the v/v % solvent 
composition.  
Solvent ced 
(cal/cm3) 

 
M G 
(kcal/mol) 
G 
(kcal/mol) 
G 
predicted 
(kcal/mol) 
diethyl ether 60 0 0 -0.35 0.22 -0.34 
ethyl Acetate 
 
81.7 
 
0 0 -0.26 0.25 -0.29 
benzene 84.7 0 0 -0.25 0.27 -0.28 
chloroform 85.4 0.2 2.50 -0.32 0.17 -0.32 
THF 86.9 0 0 -0.25 0.28 -0.27 
DCM 93.7 0.13 3.04 -0.31 0.17 -0.30 
acetone 94.3 0.08 1.09 -0.23 0.28 -0.27 
t-Butanol 110.3 0.42 4.40 -0.375 0.21 -0.28 
pyridine 112.4 0 0 -0.18 0.30 -0.20 
isopropanol 132.3 0.76 9.94 -0.35 0.22 -0.31 
DMF 138.9 0 0 -0.16 0.32 -0.14 
acetonitrile 138.9 0.19 3.64 -0.19 0.285 -0.20 
nitromethane 158.8 0.22 4.11 -0.16 0.30 -0.15 
ethanol 161.3 0.86 14.7 -0.34 0.24 -0.31 
DMSO 168.6 0 0 -0.062 0.435 -0.061 
methanol 209 0.98 24.23 -0.29 0.24 -0.34 
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20% H2O 
80%MeOH 
277.2 - 32* -0.27 0.27 -0.29 
40% H2O 60% 
MeOH 
345.4 - 40.5* -0.23 0.29 -0.24 
60% H2O 40% 
MeOH 
413.6 - 48.65* -0.185 0.29 -0.20 
80% H2O 20% 
MeOH 
481.8 - 56.8* -0.14 0.295 -0.15 
H2O 550 1.17 64.94 -0.095 0.34 -0.1 
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CHAPTER 3 
ANION-ENHANCED SOLVOPHOBIC EFFECT IN ORGANIC SOLVENT 
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Abstract 
 The influence of anions on the interaction of two non-polar surfaces in 
organic solvent was examined using a series of molecular balances. Specific anion 
effects were observed that followed the Hofmeister series and increased the 
solvophobic effect up to two-fold. 
 Anion effects have been studied in many  biological and synthetic systems 
including enzymes,1,2 bacteria growth,3 anion-receptor affinities4–6 and protein 
association.7–9 The influence of anions on the solubility and stability of folded 
proteins was first studied by Franz Hofmeister in the late 1800’s.10–13 The influence 
of anions on systems that form strong anion interactions is well studied and 
understood.4,5 However, the anion effects on the interactions of non-anion binding 
surfaces such as the non-polar side chains of peptides is still a research area of 
considerable interest.  To study this question in a more controlled environment, 
the anion effects were measured for a small molecule model system that can form 
a weak intramolecular interaction between an alkyl arm and an aromatic shelf 
(Scheme 1). Interestingly, anions were observed to strengthen the non-polar 
interaction of the balances two-fold in organic solvent. 
A small molecule model system was designed that does not contain any 
traditional anion binding sites to measure the anion effects on a single 
intramolecular interaction between an alkyl arm and an aromatic shelf (Scheme 
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3.1). Interestingly, anions were observed to strengthen the non-polar interaction of 
the balances two-fold in organic solvent. 
The chosen model system is a molecular torsion balance based on the N-
arylimide framework.  This versatile model system has been successfully applied 
to the measurement and study of a wide range of weak non-covalent interactions 
including CH-π,14,15 CD-π,16 cation-π,17 aromatic stacking,19,18 Ag-π,19 F-π,20 and 
solvophobic interactions.21 The folded-unfolded conformational equilibrium 
(Scheme 1a) of the balance provides a sensitive and accurate measure of the 
intramolecular non-covalent interactions between the molecular surfaces of the 
arm and shelf in the folded conformer.  
Scheme 3.1. (a) Representations of the folded-unfolded conformational equilibrium 
of the molecular torsional balance models used in this study. (b) Structures of 
molecular balances 1-2 and control balances 3-4.  
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Results and discussion 
Balances 1 and 2 were designed to measure the anion effects on the 
interaction between an aliphatic arm (R = Me or Et) and an aromatic phenanthrene 
shelf. Balances with these intramolecular CH-π interactions have been shown to 
be sensitive to their solvent environment.21–24 Control balances 3 and 4 have the 
same methyl and ethyl arms but lack the aromatic phenanthrene shelf.  A 
carboxylic acid group was added to the para-position of the rotors of 1-4 to 
improve their solubility in polar organic solvents.21,24  Crystal structures of analogs 
lacking the carboxylic acid solubilizing group confirmed that the alkyl arms in 1 
and 2 formed intramolecular contacts with the aromatic shelf in the folded 
conformers; whereas, the same alkyl groups could not form intramolecular 
interactions in an analog of control balances 3 and 4.22 
The anion effects of the balances and control balances were initially 
measured using tetrabutylammonium chloride (TBA•Cl) in acetonitrile solution.  
Larger anion effects were observed for balances 1 and 2 in comparison to the 
control balances 3 and 4.  For example, the folding ratio of balance 2 increased from 
2.2 to 4.0 on increasing the concentration of TBA•Cl from 0 to 1.5 M.  The 
analogous experiment using control balance 4 lead to only a small increase in 
folding ratio from 1.2 to 1.5.  These observations were surprising as the balance 
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system lacks the commonly cited features responsible for the anion effects.16 
Specifically, organic solvent and interacting surfaces of the balances (aliphatic and 
aromatic) do not contain anion coordinating groups such as hydrogen bond 
donors or positively charged surfaces. In addition, these anion-induced changes 
in the folding ratios were only observed in organic solvents.  The addition of even 
small amounts of water (3% H2O in acetonitrile) eliminated as the folding ratio 
was virtually unchanged in the presence or absence of 1.5 M TBA•Cl. 
Therefore, these anion effects were studied in more detail.  The 
concentration dependence of the anion effects was measured for balances 1-4 in 
acetonitrile solutions of TBA•Cl from 0 to 1.5 M. The balance concentration for 
these studies was (24.5 mM).  Similar anion-induced folding trends were observed 
at lower balance concentrations (15 mM).   However, higher balance 
concentrations were used to provide a more accurate measure of the folding ratios 
via integration of the 1H NMR spectra. The anion effects (∆∆Ganion effect) were 
quantified as the difference folding energies (∆G = -RTln([folded]/[unfolded in the 
presence and absence of the anion. In all four balances, the folding energies 
linearly decreased with increasing anion concentration (Figure 3.1).     
Clear differences were observed between the balances that can (1 and 2) or 
cannot (3 and 4) form intramolecular interactions.  Balances 1 and 2 had larger 
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anion effects than control balances 3 and 4.  Furthermore, balances with the larger 
ethyl arm consistently showed larger anion effects than smaller arm methyl 
balances (2 > 1 and 4 > 3). 
 
Figure 3.1. Anion effects of balances 1-4 at varying TBA•Cl concentrations, as 
measured by the difference in folding energies (∆∆Ganion effect =ΔGanion - ΔGno anion). 
Error bars for balances 3 and 4 are within the data markers. 
We hypothesized that the anion effects were due to an enhancement of the 
solvophobic interactions between the arm and shelf units as the anions increase 
the solvent polarity.  Support for this hypothesis was provided by three 
observations.  First, we and others demonstrated that these N-arylimide balances 
with alkyl arms and aromatic shelves are excellent probes of solvophobic 
effects.21,23 The folding ratio is very sensitive to subtle differences in solvent 
parameters including hydrogen bonding ability and cohesive energy density. For 
balances with non-polar arm and shelf surfaces, the folding ratios increase as the 
solvent polarity increases due an increase in the solvophobic effect.  Second, the 
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anion titration curves are linear which are again consistent with an indirect or non-
specific interaction. A direct or specific anion interaction would have yielded to an 
asymptotically curved titration.  Third, high anion concentrations were required 
(> 0.5 M) to yield significant changes in the folding ratios.  This is suggesting that 
the anions are forming indirect interactions with the balances.  Thus, higher 
concentrations of anion are required to change polarity of the bulk solution. 
To confirm that the anions were modulating the solvophobic effect, the 
magnitudes of the anion effects were correlated with the change in accessible 
surface area (∆SASA) for each balance. Solvophobic interactions are known to 
scale with ∆SASA.26 For example, in related studies using molecular balances the 
hydrophobic effect has been shown to increase with surface area by a factor of 5 to 
30 cal/mol Å2.26  The magnitudes of the anion effects were assessed from the slopes 
of the anion titration plots (Figure 3.1).  The ∆SASA values were calculated from 
the crystal structures of 1-4 analogs using a 1 Å radius solvent probe.  A linear 
correlation was observed (Figure 3.2) providing support for the anions increasing 
the solvophobic effect.  The largest anion effects were observed for balances 1 and 
2 which could form intramolecular interactions and thus had the largest 
∆SASA.  Similarly, the larger anion effect for the ethyl versus methyl balances (1 > 
2) can be explained by the greater surface area contact of the ethyl group with the 
phenanthrene shelf in the folded conformer leading to a greater ∆SASA. Finally, 
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using the data in Figure 1b, an estimate of the solvophobic effect of TBA•Cl 
addition was found to be worth 2.9 cal/mol Å2 M. This value is slightly lower than 
the hydrophobic effect of molecular balances measured by Wilcox.26 
 
Figure 3.2. Slopes of the anion concentration relationships for balances 1-4 in Fig. 
1a plotted against the contact surface area of the arm and shelf surfaces in folded 
conformation calculated from the X-ray structures. 
To further quantify the anion-induced increase in the solvophobic effects, 
the solvophobic effects for balances were measured using the solvent cohesion 
parameter, cohesive energy density (ced).  We and others have previously shown 
that this parameter provides a measure of the strength of the solvent and 
solvophobic effects in several molecular balances containing alkyl group 
arms.21,23  The folding ratio of balance 2, which had the largest ∆SASA and thus 
largest solvophobic effect was measured in a series of organic solvents 
(chloroform, benzene, DCM pyridine, acetone, acetonitrile, DMF, and 
DMSO).  The folding energy decreased linearly with increasing ced of the solvent, 
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which was consistent with the folding ratio increasing with increasing solvophobic 
effect (Figure 3.3).  The addition of 1.5 M TBA•Cl to an acetonitrile solution of 
balance 2 increased the folding energy nearly two-fold from -0.46 to -0.82 
kcal/mol.  Thus, the addition of TBA•Cl to acetonitrile could effectively increase 
the ced value of the solvent and thus mimic the bulk properties of a more cohesive 
solvent, such as DMSO. 
 
Figure 3.3. (Blue circles) Measured change in folding energy in balance 2 in various 
solvents versus the solvent cohesion parameter, ced, for the solvent. (orange 
circles) The folding energies of balance 2 in acetonitrile salt solutions in the 
presence of 1.5 M TBA salts of various anions. (Dashed red lines) Estimate of the 
anion-induced increase in the solvophobic effect as measured by the solvent 
parameter ced. 
Similar anion-induced increases in the solvophobic effect for balance 2 were 
seen when the solvophobic effects were measured other solvent polarity 
parameters such as the Kamlet-Taft solvent parameters β  (Figure 3.4.).24 
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Figure 3.4. Measured change in folding energy in balance 2 in various solvents 
versus the solvent hydrogen bond accepting parameter, . 
To investigate anion specificity of the anion-induced folding of the molecular 
balances, the effects of five common anions (Cl-, SCN-, NO3-, Br-, and ClO4) 
were measured and compared using balance 2 (Figure 3.5). Only anions with 
lower charge density than Cl- could be assessed as the TBA salts of anions with 
higher charge densities had limited solubility in acetonitrile. 
Specific anion effects were observed, which generally followed the 
Hofmeister anion series.  The most charge dense anion, Cl-, showed the largest 
anion effects.  In contrast, anions with lower charge densities showed 
systematically smaller anion effects.  The specific anion effects were plotted 
against various anion parameters including hydrogen bond basicity (), and ionic 
surface tension increments.  The best fit (R2 = 0.99) was observed for the measured 
solvation energies of the anion in acetonitrile (∆Gsol).27 This correlation fits with our 
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hypothesis that the anions are interacting with the bulk solvent and enhancing the 
solvent cohesion. The most charge dense Cl- anion forms the strongest interaction 
with the acetonitrile solvent molecules as evidenced by largest ∆Gsol value.  
Accordingly, the Cl- anion also has the largest effect on the solvophobic effect.  
Conversely, the least charge dense ClO4- anion forms the weakest interactions with 
acetonitrile and thus has the smallest anion effect.  
 
Figure 3.5. ΔΔGfold of balance 2 at 1.5 M concentration of various anions plotted 
against the solvation energy of the anions (∆Gsol) in acetonitrile. 
To confirm that the anions were interacting with the acetonitrile solvent, 
small amounts of water were added (0 to 3% v/v) to acetonitrile solutions of 
balance 2 in 1.5 M TBA•Cl and 1.5 M TBA•ClO4  (Figure 3.6). The expectation was 
that the polar water molecules would selectively solvate the anions due to the 
formation of strong hydrogen bonding interactions and greatly diminish the 
observed anion effects.  In the case of the Cl- anion, the addition of water almost 
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completely eliminated the anion effect. This result was interesting as the addition 
of water to the acetonitrile solution reduced the solvophobic effect by 0.3 kcal/mol. 
In contrast, the addition of water had very little effect on the solvent properties of 
the ClO4- containing solution.  The reduction of the solvophobic effect for the Cl- 
anion appeared to plateau around 3% water addition, and at this point the folding 
energies for ClO4- and Cl- converge.  This suggests that the anions may affect the 
solvent properties in two ways: 1) anions increase the solvent polarity through 
virtue of the build-up of charges in solution. This effect appears to provide roughly 
0.1 kcal/mol of stabilization for the folded conformation of balance 2. 2) Charge 
dense anions such as Cl- can form additional strong interactions with the 
acetonitrile solvent molecules, which further enhances the solvent polarity and 
stabilized the folded conformation of balance 2 by an additional 0.3 kcal/mol. 
 
Figure 3.6. ΔΔGfold of balance 2 in 1.5 M Cl- and 1.5 M ClO4- acetonitrile solutions 
upon addition of 0-3% (v/v) water. 
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In conclusion, this study demonstrates that molecular balances can be used 
to measure anion and solvent effects in organic solvent. Anions were able to 
enhance the solvophobic effect between non-polar surfaces without direct 
interactions with the molecular surfaces.  Instead, the anions indirectly effected 
the bulk polarity of the solvent, which enhanced the solvophobic effect. 
Furthermore, it was determined that anions stabilize the association of non-polar 
surfaces up to nearly 0.40 kcal/mol at 1.5 M salt concentrations. The magnitude of 
stabilization also followed the Hofmeister anion series, with higher charge density 
anions stabilizing solvophobic interactions more. Further tests of the specific anion 
effect involving various functional groups in organic and aqueous solvents are 
underway in our lab.  Despite the modest increase in solvophobic interaction 
strength, this study highlights the utility of using anions to tune the bulk 
properties of an organic solvent to achieve desired effects such as polarity, 
solvophobicity, and basicity.  Using the molecular balances as a probe of the 
solvent environment, we were able to quantitatively assess the anion-induced 
increase enhancement in the solvophobic effect in organic solvent. 
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Supporting information 
NMR spectra were recorded on a Bruker 400 MHz spectrometer. Chemical shifts 
are reported in ppm () and were internally referenced. All chemicals were 
purchased from commercial suppliers and were used as received.  
Tetrabutylammonium salts were stored in a desiccator. 
Synthesis and characterization of molecular balances. 
Scheme 3.2. Overview of synthesis of balances 1-4. 
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General procedure for preparing balances 1-4 
A general two step procedure was used to created balances 1-4. For balances 1-2 a 
Diels-Alder reaction between phencyclone and maleic anhydride was performed 
to create the endo bicyclic anhydride 5. Next, a thermal condensation reaction 
between 5 and the appropriate benzoic acid aniline was performed to form the 
molecular balance. Synthesis of balances 3-4 followed the same route, however the 
corresponding endo bicyclic anhydride was purchased. Balances 1 and 3, and 
bicyclic anhydride 5 were previously reported were synthesized according to the 
literature.1 Balances 2 and 4 are unreported molecules and their synthesis is 
described below. 
Preparation of 2: 
 
Phenanthrene bicyclic anhydride (0.4 g, 0.83 mmol) and 4-amino-3-ethylbenzoic 
acid (0.138 g, 0.83 mmol) were placed in a round bottom flask with a small amount 
of acetic acid (10 mL) and was heated at reflux for 24 h. The solvent was removed 
under vacuum and the resulting powder was purified by silica gel column 
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chromatography with 1:1 ethyl acetate: hexanes mixture as the eluent to produce 
a yellowish powder (0.4 g, 77%). 1H NMR (400 MHz, (CD3)2CO) = 8.94 (d, J= 8.56 
Hz, 2H minor), 8.92 (d, J= 8.56 Hz, 2H major), 8.92 (d, J= 8.00 Hz, 2H major), 8.39 
(d, J= 8.00 Hz, 2H minor), 7.81-7.17 (m, 16H major and minor), 7.04 (d, J= 8.22 Hz, 
1H major), 5.06 (s, 2H minor), 4.98 (s, 2H major), 4.34 (d, J= 8.22 Hz), 2.49 (q, J= 7.50 
Hz, 2H minor), 1.08 (t, J= 7.50 Hz, 3H minor), 0.25 (q,  J= 7.50 Hz, 2H major), -0.09 
(t, J= 7.50 Hz, 3H major) 13C NMR (100 MHz, (CD3)2CO) = 195.70, 174.11, 173.80, 
141.67, 135.36, 134.56, 134.46, 134.22, 133.96, 131.64, 131.32, 131.27, 131.22, 130.01, 
129.44, 129.32, 129.00, 128.90, 128.43, 128.31, 128.18, 128.12, 127.45, 127.25, 127.08, 
126.94, 126.57, 126.41, 126.28, 126.07, 126.02, 123.43, 123.36, 63.55, 45.83, 45.27, 
23.50, 21.25, 13.81, 11.76. Direct probe MS calc: 627.2046, obs: 627.2059. 
Preparation of 4: 
 
Cis-5-Norborene-endo-2, 3-dicarboxylic anhydride (0.20 g, 1.22 mmol), 4-amino-3-
ethylbenzoic acid (0.2 g, 1.22 mmol) and a small amount of acetic acid (~5 mL) was 
added to a round bottom flask and was heated at reflux for 24 h. The solvent was 
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removed under vacuum and the resulting powder was purified by silica gel 
column chromatography with 1:1 ethyl acetate: hexanes mixture as the eluent to 
produce a tan powder (0.3 g, 83%). 1H NMR (400 MHz, (CD3)2CO) = 7.96 (d, J= 
6.05 Hz, 1H major and minor), 7.88 (m, 1H major and minor), 7.21 (d, J= 8.26 Hz, 
1H major), 7.05 (d, J= 8.26 Hz, 1H minor) 6.32 (m, 2H major and minor), 3.62-3.56 
(m, 2H major and minor), 3.40 (m, 2H major and minor), 2.51 (q, J= 7.4 2H minor), 
2.44 (q, J= 7.4 2H major), 1.71 (m, 2H major and minor), 1.13 (t, J= 7.5 Hz minor), 
1.1 (t, J= 7.5 Hz major). 13C NMR (100 MHz, (CD3)2CO) = 176.52, 176.30, 142.64, 
142.41, 136.00, 135.77, 135.19, 134.67, 130.22, 130.15, 129.38, 128.99, 127.67, 52.54, 
51.90, 46.91, 45.81, 45.26, 44.97, 24.25, 23.70, 14.25, 13.72. 
Anion titration procedure 
TBA salts were dried under vacuum before use. First, a 1.5 M stock solution of 
TBA salt was created and the concentration was verified by comparison of 1H 
NMR integration with a known amount of maleic anhydride. Next, appropriate 
volumes of the TBA salt solutions were distributed to vials of balances 1-4 and the 
salt solutions were then diluted to 0.5 mL to create solutions of 0, 0.125, 0.250, 
0.500, 0.750, 1.00, and 1.50 salt concentration with 24.55 mM balance concentration. 
Finally, the solutions were left to sit for 80 min and were then used for NMR 
experiments. The folded/unfolded ratio was measured by monitoring the 
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succinimide protons of each molecular balance using Mestranova line fitting 
methods. 
 
 
Figure 3.7. Example of folding ratio measurement for balance 2 with TBA•Cl 
addition. 
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Crystal structures 
 
Figure 3.8. Crystal structures of analogous balances 1-3 used for surface area 
calculations. The actual crystal structure of balance 4 with carboxylate was used 
for this study. 
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Tables of data 
Solvent accessible surface area (SASA) was calculated using crystal structure 
analogs of balances 1-4 on Spartan 10. 
Table 3.1.  SASA of folded balance structure, alkyl arm unit, and shelf unit used 
to calculate change (SASA) in SASA from folded to unfolded states of the 
balances. 
Balance Folded complex 
(Å2) 
Alkyl arm 
(Å2) 
Shelf 
(Å2) 
SASA (Å2) 
(Arm + shelf) - 
Complex 
1 171.4 51.4 176.4 56.4 
2 170.6 66.9 176.4 72.5 
3 83.07 51.4 61.3 29.6 
4 96.72 66.9 61.3 31.4 
 
 
Table 3.2. TBA•Cl titration folding energies. 
TBA•Cl 
concentration 
(M) 
1 
G 
(kcal/mol) 
2 
G 
(kcal/mol) 
3 
G 
(kcal/mol) 
4 
G 
(kcal/mol) 
0.125 0 -0.044 -0.01 -0.014 
0.250 -0.025 -0.124 -0.034 -0.01 
0.500 -0.071 - -0.034 -0.014 
0.750 -0.111 -0.164 -0.062 -0.051 
1 -0.142 -0.237 -0.048 -0.09 
1.5 -0.205 -0.368 -0.076 -0.127 
 78 
 
 
Table 3.3. Specific anion effect folding energies. 
TBA•X 1.5 M concentration 2 
G (kcal/mol) 
Cl- -0.368 
Br- -0.266 
NO3- -0.176 
SCN- -0.101 
ClO4- -0.066 
 
Table 3.4. Solvent effect folding energies. 
Solvent 2 
G (kcal/mol) 
benzene -0.200 
chloroform -0.145 
dichloromethane -0.265 
acetone -0.452 
pyridine -0.380 
acetonitrile -0.460 
DMF -0.510 
DMSO -0.705 
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Anion parameter plots 
 
Figure 3.9. Anion effects at 1.5 M concentration plotted against anion surface 
tension increments.  
 
Figure 3.10. Anion effects at 1.5 M concentration plotted against calculated anion 
electrostatic potential minimum (Emin). 
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Figure 3.11. Anion effects at 1.5 M concentration plotted against Hunter’s values 
for hydrogen bond accepting ability.  
 
Figure 3.12. Anion effects at 1.5 M concentration plotted against anion 
polarizability. 
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Error analysis 
The measurement of each balance was carried out at a concentration of 24.5 mM. 
Integrations were measured using the MestRenova line-fitting function to reduce 
error. The error of quantitative NMR analysis is considered to be 1% for 
concentrations above 10mM when the appropriate line-fitting methods are used.4 
All major conformers in solution were above 10 mM concentration, giving an 
integration error of 1% for major conformers. According to equation S1, the total 
error for the measurement of the folding ratio is 1.4%. The minor conformers for 
balances 1-2 were no less than ~ 5.5 mM at any point in the titrations and were 
generally much higher except for at high salt concentrations. Both major and 
minor conformations for balances 3-4 were above 10 mM in solution. Rizzo et al. 
also states that quantitative NMR analysis with concentration as low as 1mM can 
be applied with an error of 5%. Therefore, it is safe to estimate the maximum error 
for integration of the minor conformer is 5% for 1-2 and 1% for 3-4, and the 
maximum error of the major conformer is 1% for 1-4. Using equation S1 the total 
integration error for the titration experiments is no more than 5.1%. 
𝐸𝑟𝑟𝑜𝑟
[𝑓𝑜𝑙𝑑𝑒𝑑]
[𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑]
= √𝐸𝑟𝑟𝑜𝑟[𝑓𝑜𝑙𝑑𝑒𝑑]
2 + 𝐸𝑟𝑟𝑜𝑟[𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑]
2    (Equation S1) 
The folding energies (ΔG) calculated also have some associated uncertainty. Using 
equation S2, this uncertainty was calculated to be no more than ±0.03 kcal/mol for 
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1-2 and ±0.01 kcal/mol for 3-4. Therefore, the uncertainty of the calculated 
interaction energies (ΔΔG) was no more than ±0.04 kcal/mol for 1-2 and ±0.014 
kcal/mol (Equation S3). 
𝐸𝑟𝑟𝑜𝑟∆𝐺 =  𝑅𝑇𝐸𝑟𝑟𝑜𝑟 
[𝑓𝑜𝑙𝑑𝑒𝑑]
[𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑]
 (Equation S2) 
𝐸𝑟𝑟𝑜𝑟∆∆𝐺 = √𝐸𝑟𝑟𝑜𝑟∆𝐺
2 + 𝐸𝑟𝑟𝑜𝑟∆𝐺
2     (Equation S3)
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CHAPTER 4 
MEASUREMENT OF SILVER- INTERACTIONS IN SOLUTION USING 
MOLECULAR TORSION BALANCES2 
  
                                                          
2Reproduced with permission from: Maier, J. M.; Li, P.; Hwang, J.; Smith, M. D.; 
Shimizu, K. D. J. Am. Chem. Soc. 2015, 137, 8014−8017. Copyright © 2015 
American Chemical Society 
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Abstract 
 A new series of molecular torsion balances were designed to measure the 
strength of individual Ag−π interactions in solution for an Ag(I) coordinated to a 
pyridine nitrogen. The formation of a well-defined intramolecular Ag−π 
interaction in these model systems was verified by X-ray crystallography and 1H 
NMR. The strength of the intramolecular Ag−π interaction in solution was found 
to be stabilizing in nature and quantified to be −1.34 to −2.63 kcal/mol using a 
double mutant cycle analysis. The Ag−π interaction was also found to be very 
sensitive to changes in geometry or solvent environment. 
Introduction 
 Metal−π interactions1 are attractive interactions between metal atoms and 
aromatic surfaces that play an important role in biological processes, 
polymer/materials design, host− guest complexes, and catalysis.2 One of the most 
widely utilized metal−π interactions is the Ag−π interaction.3 These interactions 
have found applications in catalysis,4 electrospray mass-spectrometry,5 molecular 
recognition,6 and polymer/ materials design.7 Despite the utility of Ag−π 
interactions, a better understanding of the individual interaction strengths and 
stability trends is still needed to guide the rational design of new materials and 
applications that utilize this interaction. Individual Ag−π interactions are weak, 
making them difficult to experimentally study and measure. Accordingly, studies 
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in solution have focused on systems that form multiple Ag−π interactions making 
it difficult to estimate the individual interaction energies.8 Solid-state X-ray 
crystallographic analyses have provided information on the length and geometry 
of the interaction, but this method only provides indirect estimates of the 
interaction energies.9 Finally, computational methods have been employed to 
study Ag−π interactions. However, these methods tend to overestimate the 
strengths of cation−π interactions due to the inability to accurately model solvent 
effects.10 Therefore, the goal of this study was to experimentally measure the 
strength of individual Ag−π interactions in solution utilizing a small molecule 
model system, which could flip between two conformational states (Scheme 4.1). 
Molecular torsion balances11 1−2 were designed to measure the stabilizing energy 
of a single intramolecular Ag(I)−π interaction from its influence on the 
folded−unfolded conformational equilibrium. The mode of action of 1 and 2 is 
similar to the dynamic systems developed by Rathore and Habata that used Ag−π 
interactions to control conformational equilibrium and shape of the molecules.8a,d    
We have previously demonstrated the sensitivity and versatility of the 
dynamic N-arylimide bicyclic framework in 1 and 2 to study other weak 
noncovalent interactions of aromatic surfaces such as CH−π, 12 CD−π, 13 cation−π, 
14 and π−π interactions.15 
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Scheme 4.1. Representations of the folded−unfolded conformational equilibria of the 
molecular torsion balances that provide a quantitative measure of the 
intramolecular Ag−π interaction (red broken line) from the comparison of the 
change of the equilibria in the absence (top) and presence of Ag(I) (bottom). (b) 
Structures of molecular balances 1 and 2 and control balance 3 (shown in their 
folded conformers). 
   
 
  In this study, the pyridine nitrogen of the N-aryl rotor was designed to 
coordinate an Ag(I) ion and position it over the benzene shelf in the folded 
conformer, forming an intramolecular Ag−π interaction. Thus, the relative 
strengths of the intramolecular Ag−π interactions could be measured by 
monitoring the shifts in the folded−unfolded equilibrium in the absence and 
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presence of Ag(I). The absolute Ag−π interaction energies could also be isolated 
by comparison of the folding energies of 1 or 2 with control balance 3, which lacks 
a benzene π-shelf and thus cannot form an intramolecular Ag−π interaction. 
Balances 1 and 2 and control balance 3 were readily synthesized in 1 or 2 steps, 
using previously described synthetic routes.16 The crystal structures of 1 and 2 
(Figure 4.1a−c) showed the expected nonplanar geometry of the N-pyridyl and 
succinimide rings leading to the two distinct conformers. Both 1 and 2 crystallized 
exclusively in the unfolded conformer with the pyridine nitrogen pointing away 
from the benzene shelf. The driving force appears to be the formation of an 
attractive intramolecular CH−π interaction17 between the ortho-methyl group and 
the benzene shelf.12b,18 The crystal structure of control balance 3 was nearly 
structurally identical to 1 and 2, confirming its viability as a control molecule. The 
pyridine-rotor of 3 adopted a similar nonplanar geometry and the endo-bicyclic 
framework of 3 was superimposable onto the bicyclic frameworks of 1 and 2. 19  
Next, the ability of the balances to coordinate and form intramolecular 
Ag−π interactions was assessed in the solid-state and in solution. Crystal 
structures of the Ag(I) complexes of 1 and 2 were obtained by cocrystallization 
with AgBF4 from MeOH/CH2Cl2 (Figure 4.1d, e). 
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Figure 4.1. X-ray structures of balances (a) 1, (b) 2, and (c) 3 and silver complexes 
(d) 1·Ag and (e) 2·Ag. The bridgehead phenyl groups in 1 and 1·Ag are hidden for 
clarity, as well as BF4 anions and solvent molecules for 1·Ag and 2·Ag. For 2·Ag, 
only the major η1 complex (82%) is shown, the structurally similar minor η2 
complex (18%) is not shown. 
In the solid-state, 1·Ag and 2·Ag were in the folded conformation and, more 
importantly, formed well-defined intramolecular Ag−π interactions. The silver 
atoms were coordinated to the pyridine nitrogens and formed Ag−π interactions 
with the outermost edge of the benzene shelves. The η2 and η1 coordination 
geometries in 1·Ag and 2·Ag were consistent with the coordination geometries of 
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previous Ag· benzene complexes,20 with relatively short Ag−C contacts of 2.304 to 
2.520 Å. In 1·Ag, the Ag atom formed an η2 interaction with the Ag atom almost 
directly over the center of a C-C bond with similar Ag−C distances of 2.36 and 2.52 
Å. In 2·Ag, the Ag atom was disordered with two similar Ag−π coordination 
geometries. The major structure (82%) was an η1 complex where the Ag atom 
formed one short Ag−C interaction (2.30 Å). The minor structure (18%) was an η2 
complex (not shown) that had a similar Ag−π coordination geometry as the 1·Ag 
complex with Ag−C distances of 2.38 and 2.49 Å. Once the ability of the balances 
to form Ag−π interactions in the solid-state was established, the Ag−π interactions 
were characterized in solution by 1H NMR. Specifically, the strengths of the 
intramolecular interactions were quantitatively measured by their influence on the 
folded−unfolded equilibrium. The methyl group on the pyridine rotor not only 
served as a “counterweight” for the Ag−π interaction but also slowed the rotation 
of the N-pyridyl rotor to allow measurement by integration of the 1H NMR spectra 
at room temperature. The folded−unfolded ratios and folding energies (ΔG) were 
measured by integration of the peaks corresponding to the respective conformers 
with an accuracy of ±0.03 kcal/mol.22 The formation of the intramolecular Ag−π 
interactions in balances 1 and 2 was evident from the shift in the folding ratios in 
favor of the folded conformers upon addition of AgBF4 (Figure 4.2). 
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Figure 4.2. Negative folding energies (−ΔG) of 1, (■) 2 (●), and 3 (▲) in CD2Cl2 
(±0.03 kcal/mol) as measured by integration of the 1H NMR spectra (21 °C) versus 
equivalents of added AgBF4. A solution of AgBF4 (0.45 M) in methanol-d4 was 
added incrementally to a solution of molecular balance (0.030 M) in 
dichloromethane-d2. 
The folded−unfolded ratios changed from <1.0 (0.25 and 0.064) in the absence 
of Ag(I) to >1.0 (1.72 and 3.83) in the presence of 1.0 equiv of AgBF4. By 
comparison, the addition of AgBF4 to control balance 3, which cannot form an 
intramolecular Ag−π interaction, showed only a small change in the 
folded−unfolded ratio in the opposite direction (0.34 to 0.23). The 1:1 (balance to Ag) 
stoichiometries were confirmed by NMR titrations (Figure 4.2). A clear break was 
observed in all three titration curves at 1.0 equiv of added AgBF4. In addition, the 
expected downfield shifts (+0.05−0.09 ppm) were observed for the pyridyl protons 
during the titrations due to the coordination of Ag(I) ion to the pyridine nitrogens 
(Figure 4.3). 
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Figure 4.3. Downfield 1H NMR shifts of pyridyl protons during Ag(I) titrations. 
The above analysis provided a measure of the Ag−π interaction energies 
relative to the CH−π interactions in the unfolded conformers. The Ag−π interactions 
in 1·Ag and 2·Ag were stronger than the CH−π interactions as their folded− unfolded 
ratios were greater than 1.0. Based on our previous estimates of CH−π interaction 
energies in this balance system of approximately −1.0 kcal/mol,12,13 the Ag−π 
interactions in 1·Ag and 2·Ag are slightly stronger than −1.0 kcal/mol. A more 
accurate estimate of the Ag−π interaction energy was calculated using a double 
mutant cycle (DMC) analysis that incorporated the folding energies of control 
balance 3 and 3·Ag (Figure 4.4).23 The DMC analyses subtracted out the influence 
of the CH−π interactions, other secondary interactions, and dipole effects to yield 
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Ag−π interaction energies of −1.34 and −2.63 kcal/mol in 1·Ag and 2·Ag, 
respectively. The magnitude of these interactions is comparable to other 
noncovalent interactions of charged species such as charge-assisted hydrogen 
bonds or saltbridge.24 
 
Figure 4.4. Double mutant cycle analysis for isolating the Ag−π interaction energy 
in 1·Ag by subtracting out secondary interactions, CH−π interactions, and dipole 
effects. A similar DMC analysis was performed for the Ag−π interaction in 2·Ag 
(not shown) to yield an Ag−π energy of −2.63 kcal/mol. 
The weak nature of this interaction helps explain why systems that utilized 
Ag−π interactions8 in solution required multiple Ag−π interactions or additional 
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coordination interactions. It is also consistent with previous measurements of 
single Ag−π interactions in bimolecular systems, which found either very small 
(−0.20 kcal/mol) or unfavorable interaction (+0.54 kcal/mol) energies.8e The reason 
is that the weak Ag−π interaction is of comparable magnitude as the translational 
entropy penalty of metal ligation in these bimolecular systems.25 The strengths of 
the Ag−π interactions in 1·Ag and 2·Ag were also measured in different solvent 
environments and interaction geometries. Not surprisingly, the weak Ag−π 
interactions were found to be very sensitive to changes in either variable. For 
example, the difference in the Ag−π interaction energies in 1·Ag and 2·Ag was 
attributed to variations in their Ag−π geometries. The higher Ag−π interaction 
energy in 2·Ag was attributed to the larger bite angle that allowed the N−Ag−π 
bond angle to be closer to the preferred linear geometry.3e The N−Ag−π bond 
angles in the 1·Ag and 2·Ag (Figure 4.5) were 144.8°and 160.7°. 26 
 
Figure 4.5. Representations of the different bite-angle geometries in 1·Ag and 
2·Ag. 
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These variations in the bite angle are due to the different geometric 
constraints imposed by the −O− and −1,2-arene bridges on the backside of the 
bicyclic framework.27 The larger bite angle of 2 is also evident from a comparison 
of the intramolecular CH−π interaction energies in 1 and 2. The smaller bite angle 
in 1 positions the ortho-methyl group too close to the benzene shelf leading to 
repulsive steric interactions and a lower folding energy in 1 (−0.81 vs −1.62 
kcal/mol) than in 2. Finally, the solvent dependence of the Ag−π interaction in 2· 
Ag was assessed. The interaction energy was observed to systematically decrease 
with increasing solvent polarity: methylene chloride (−2.63 kcal/mol), chloroform 
(−2.47 kcal/mol), acetone (−1.20 kcal/mol), and acetonitrile (0.00 kcal/mol) (Figure 
4.6). Thus, in the most polar solvent, acetonitrile, no interaction between the Ag 
ions and the balances was observed. The acetonitrile outcompetes both the 
coordinating pyridine and π-ligands of the balances. 
 
Figure 4.6. Ag- interaction energies plotted against solvent dielectric constant. 
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Conclusion 
In conclusion, a new series of molecular torsion balances were designed to 
experimentally measure the strength of a single intramolecular Ag−π interaction 
in solution. The interactions were found to be very weak (−1.34 to −2.63 kcal/mol), 
which were comparable to noncovalent interactions of charged species. These low 
interaction energies are consistent with the previously reported difficulties in 
forming and measuring stability constants for bimolecular complexes held 
together by single Ag−π interactions. It also corroborates the necessity to 
incorporate multiple interactions into the design of supramolecular systems that 
utilize Ag−π interactions. This study also sheds light on how the Ag−π interaction 
can be easily disrupted by small changes in geometry and solvent environment. 
One limitation of this study is that the Ag(I) was coordinated to a pyridine 
nitrogen, which reduced the electrostatic charge on the Ag(I). Thus, the measured 
Ag−π interaction energy is probably smaller than that of an uncoordinated Ag(I), 
such as those observed in the gas-phase or in crystal structures. Further studies of 
other weak metal−π interactions and stability trends are currently underway in 
our laboratory employing the molecular torsion balance approach. 
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Supporting Information 
 
General Experimental 
NMR spectra were recorded on Bruker 400 MHz spectrometers. Chemical shifts 
are reported in ppm () and were internally referenced. All chemicals were 
purchased from commercial suppliers and were used as received. AgBF4 was 
stored under N2. 
Synthesis and characterization of molecular balances. 
Scheme 4.2. Overview of synthesis of balances 1-3. 
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General procedure for preparing balances 1-3 
 The first step of the synthesis is a Diels-Alder reaction between the 
appropriate diene 4 and maleic anhydride. The materials were dissolved in 
toluene and refluxed for 12 h. The solvent was then removed under vacuum. The 
resulting white powder was washed with cold diethyl ether. The anhydride 
product 5 was then dried and used for the next step with no further purification. 
The final step of the synthesis is the condensation of 5 and 2-amino-3-
methylpyridine in acetic acid. The mixture was heated at 135 °C in a pressure flask 
for 24 h. The solvent was removed under a stream of N2 to produce large crystals 
that were washed with MeOH. Dienes 4a and 4b and anhydride 5c are 
commercially available. 
Preparation of S2a: 
 
 Anhydride 5a was synthesized as previously reported. 1,3-
diphenylisobenzofuran (0.50 g, 1.9 mmol) and maleic anhydride (0.18 g, 1.9 mmol) 
were dissolved in 5 mL of toluene and refluxed for 12 h or when all color faded. 
The precipitate was collected by filtration and washed with cold diethyl ether to 
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give anhydride 5a as a white powder (0.47 g, 70% yield). The 1H NMR spectra 
matched that of previously reported. 1H NMR (400 MHz, CDCl3) δ = 7.94 (d, J = 6.8 
Hz, 4 H), 6.94-7.70 (m, 10 H), 4.38 (s, 2 H). 
Preparation of Balance 1: 
 
 
 Anhydride 5a (0.10 g, 0.27 mmol) was added to a pressure flask along with 
2-amino-3-methylpyridine (0.032 g, 0.30 mmol) and acetic acid (0.5 mL). The 
mixture was heated at 135 °C for 24 hours. Crystallization of the reaction mixture 
in methanol yielded pure balance as a pale yellow crystals ( 0.11 g, 85.5%) 1H NMR 
(CD2Cl2, 400 MHz): δ= 8.35 (dd, J = 4.7, 1.2 Hz, 1H major), 8.14  (dd, J = 4.7, 1.1 Hz, 
1H minor), 8.01-8.06 (m, 4H major, 4H minor), 7.47-7.58 (m, 7H major, 7H minor), 
7.29 (dd, J = 5.4, 3.0 Hz, 3H minor) 7.24 (dd, J = 5.5, 3.0 Hz, 3H Major), 7.01-7.05 (m, 
2H major, 2H minor), 4.40 (s, 2H major), 4.32 (s, 2H minor), 2.11 (s, 3H minor), 1.13 
(s, 3H major)  ppm. 13C NMR (101 MHz, CD2Cl2) δ= 173.20, 147.74, 147.63, 145.71, 
145.69, 144.36, 140.21, 139.98, 137.30, 137.21, 132.71, 131.98, 129.26, 129.18, 129.15, 
129.12, 128.95, 128.92, 128.71, 127.73, 127.70, 125.26, 125.09, 121.69, 121.20, 91.06, 
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90.70, 55.44, 55.31, 54.54, 54.27, 54.00, 53.73, 53.46, 17.43, 16.49 ppm. HRMS (EI) 
calculated for C30H22N2O3: 458.1630; obs: 458.1623. 
Preparation of anhydride S2b: 
 
 
 Anhydride 5b was synthesized as previously reported. Anthracene (0.5 g, 
2.8 mmol) and maleic anhydride (0.27 g, 2.8 mmol) were dissolved in 5 mL of 
toluene and refluxed for 12 hours, or when all color faded. The precipitate was 
collected by filtration and washed with cold diethyl ether to give anhydride 5b 
(0.61 g, 79% yield) as a white powder. The 1H NMR spectra matched that of 
previously reported. 1H NMR (400 MHz, CDCl3) δ = 7.52 (m, 2 H), 7.36 (m, 2 H), 
7.17 (m, 4 H), 4.85 (s, 2 H), 3.55 (s, 2 H). 
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Preparation of Balance 2: 
 
Anhydride 5b (0.12 g, 0.44 mmol) was added to a pressure flask along with 
2-amino-3-methylpyridine (0.052 g, 0.48 mmol) and acetic acid (0.5 mL). The 
mixture was heated at 135 oC for 24 hours. Crystallization of the reaction mixture 
in methanol yielded pure balance as a white solid (101 mg, 77%) The 1H NMR 
spectra matched that of previously reported.1H NMR (400 MHz, CDCl3) δ 8.38-8.32 
(m, 1H major), 8.22-8.17 (m, 1H minor), 7.55-6.99 (m, 10H major and minor), 5.01-
4.82 (m, 2H major and minor), 3.50-3.41 (m, 2H major and minor), 2.09 (s, 3H 
minor), 1.12 (s, 3H major). 13C NMR (101 MHz, CDCl3) δ 175.50, 147.28, 145.05, 
141.85, 139.97, 139.52, 132.33, 127.39, 126.89, 125.57, 124.82, 124.35, 47.61, 45.40, 
15.67. HRMS (m/z) calculated for C24H18N2O2: 366.1368; obs: 366.1368. 
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Preparation of Balance 3: 
 
Anhydride 5c (0.10 g, 0.61 mmol) was added to a pressure flask along with 
2-amino-3-methylpyridine (0.073 g, 0.67 mmol) and acetic acid (0.5 mL). The 
mixture was heated at 135 oC for 24 hours. Crystallization of the reaction mixture 
in methanol yielded pure balance as clear crystals (0.108 g, 70%) The 1H NMR 
spectra matched that of previously reported. 1H NMR (400 MHz, CD2Cl2) 8.41-
8.36 (m, 1H major and minor), 7.68-7.63 (m, 1H major and minor), 7.33-7.25 (m, 1H 
major and minor), 6.33 (t, J = 1.8 Hz, 2H major) 6.29 (t, J = 1.8 Hz, 2H minor), 3.53-
3.44 (m, 4H major and minor), 2.14 (s, 3H minor), 2.11 (s, 3H major), 1.84-1.58 (m, 
2H major and minor). 13C NMR (101 MHz, CDCl3) δ 176.33, 176.10, 147.53, 147.48, 
145.51, 145.42, 140.06, 139.73, 135.39, 134.60, 131.91, 131.49, 124.60, 124.55, 52.81, 
52.38, 47.22, 46.20, 45.48, 45.14, 17.94, 17.21. HRMS (m/z) calculated for C15H14N2O2: 
254.1055; obs: 254.1053 
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Titration Experiments 
 
Molecular balance of choice (1, 2, or 3) was placed in a vial and dissolved in 
CD2Cl2 (0.6 mL) to create a 0.03M solution. To this vial, a single incremental 
addition of AgBF4 in methanol-d4 (0.45 M) was added. The solution sat at room 
temperature for 30 min before 1H NMR experiment was conducted. This process 
was repeated for additions of AgBF4 from 0-1.66 equivalents. The titration of 
balance 1 is shown in Figure 4.7. 
   
Figure 4.7. Titration of 1 with AgBF4 monitored via 1H NMR. 
 106 
 
Measurement of folded/unfolded ratios. 
The ratio of folded and unfolded conformations of the molecular balance was 
quantified by integration of the differentially shifted methyl or succinimide 
protons of each conformer. The conformation with the methyl group facing away 
from the aromatic ring was chosen to be the folded conformation. The integration 
values were accurately determined by using the spectral deconvolution method of 
the MestReNova processing software.  
Equivalency measurement. 
 
The equivalency of AgBF4 to balance was measured by comparison to an 
added reference molecule, 5-fluoro-2-nitrotoluene, and comparing the 1H and 19F 
resonances of the reference molecule to the 1H resonances of the molecular balance 
and the 19F resonance of the AgBF4. Addition of AgBF4 did not affect the folding 
ratio of control balance 3 and thus exact equivalence was not calculated. Table 4.1 
shows how the folding ratio changes with the addition of AgBF4 for each balance. 
The folding ratios were then used to calculate the folding energy (ΔG folding) 
(Table 4.2) by using equation 1. 
𝛥𝐺 = 𝑅𝑇𝑙𝑛(
𝑓𝑜𝑙𝑑𝑒𝑑
𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑
)  (1) 
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Titration Data 
 
Table 4.1. Folded/unfolded ratios obtained from deconvolved integrations of 
corresponding peaks in 1H NMR during titrations with AgBF4 of balances 1-3. 
 
Balance 1 Balance 2 Balance 3 
AgBF4 
(equivalents) 
   F/U AgBF4 
(equivalents) 
    F/U AgBF4  
(equivalents) 
     F/U 
0 0.254 0 0.064 0 0.336 
0.33 0.438 0.265 0.218 0.33 0.303 
0.66 0.853 0.53 0.625 066 0.270 
1.0 1.72 0.795 2.02 0.1 0.231 
1.33 2.13 1.06 3.83 1.33 0.236 
1.66 2.52 1.325 4.40 1.66 0.238 
  1.59 5.40   
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Table 4.2. Folding energy (ΔG) obtained from deconvolved integrations of 
corresponding peaks in 1H NMR during titrations with AgBF4 of balances 1-3. 
 
Balance 1 Balance 2 Balance 3 
AgBF4 
(equivalents) 
ΔG AgBF4 
(equivalents) 
ΔG AgBF4 
(equivalents) 
ΔG 
0 0.8086 0 1.6199 0 0.64352 
0.33 0.48737 0.265 0.89811 0.33 0.70452 
0.66 0.09381 0.53 0.27697 066 0.77256 
1.0 -0.32000 0.795 -0.41451 0.1 0.86461 
1.33 -0.44711 1.06 -0.79292 1.33 0.85197 
1.66 -0.54535 1.325 -0.87283 1.66 0.84699 
  1.59 -0.99223   
 
Error Analysis 
The titrations of balances 1-3 were carried out at a concentration of ~30mM. 
Integrations were measured using the MestRenova line-fitting function to reduce 
error. The error of quantitative NMR analysis is considered to be 1% for 
concentrations above 10 mM when the appropriate line-fitting methods are used. 
Therefore, if the folding ratio during the titration of a particular balance is 1:1, each 
conformer has a concentration of ~15 mM, giving an integration error of 1% for 
each conformer. According to equation 2, the total error for the measurement of 
the folding ratio is 1.4%. 
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𝐸𝑟𝑟𝑜𝑟
[𝑓𝑜𝑙𝑑𝑒𝑑]
[𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑]
= √𝐸𝑟𝑟𝑜𝑟[𝑓𝑜𝑙𝑑𝑒𝑑]
2 + 𝐸𝑟𝑟𝑜𝑟[𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑]
2            (2) 
 However, several points in the titration have a very large or small folding 
ratio (Table 4.1), causing the minor conformer to have a much lower concentration. 
Rizzo et al. also states that quantitative NMR analysis with concentration as low as 
1 mM can be applied with an error of 5%. During the titration of balance 2, the 
minor conformer had a concentration as low as 1.8 mM. Therefore, it is safe to 
estimate the maximum error for integration of the minor conformer is 5%, and the 
maximum error of the major conformer is 1%. Using equation 2 the total 
integration error for the titration experiments is no more than 5.1%.  
The folding energies (ΔG) calculated using equation 1 have some associated 
uncertainty. Using equation 3, this uncertainty was calculated to be no more than 
±0.03 kcal/mol. Therefore, the uncertainty of the calculated interaction energies 
(ΔΔG) was no more than ±0.04 kcal/mol (Equation 4). 
𝐸𝑟𝑟𝑜𝑟∆𝐺 =  𝑅𝑇𝐸𝑟𝑟𝑜𝑟 
[𝑓𝑜𝑙𝑑𝑒𝑑]
[𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑]
 (3) 
𝐸𝑟𝑟𝑜𝑟∆∆𝐺 = √𝐸𝑟𝑟𝑜𝑟∆𝐺
2 + 𝐸𝑟𝑟𝑜𝑟∆𝐺
2     (4) 
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CSD Search Results 
The Ag-arene distance and coordination geometry of molecular balances 
1•Ag and 2•Ag were compared to reported structures in the CSD database 
version 5.35 (November 2013). ConQuest 1.16 was used to search for reported 
structures containing Ag-arene interactions. The structure used for the search is 
shown in Figure 4.8. The H atoms are drawn eliminate Ag-C sigma bond 
possibilities. No restrictions on R-value, error, disorder, or polymeric structure 
were used in the search. 
 
Figure 4.8. Structure fragment input into CSD search.  
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A histogram plot of the 313 found Ag-arene bonds was constructed, with 
an average Ag-arene distane of 2.548 Angstroms (Figure 4.9). 
 
 
Figure 4.9. Histogram plot analysis of CSD search results.  
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Structure Analysis 
The similarity of control balance 3 to balances 1 and 2 was accessed by 
overlaying their respective crystal structures (Figure 4.10). 
 
Figure 4.10. Overlay of control balance 3 (red) with balance 1 (left) and 2 (right). 
The structures were overlaid with six atoms of the bicyclic framework.
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CHAPTER 5 
FUTURE WORK: SYNTHESIS OF MOLECULAR BALANCES TO MEASURE 
CH-F INTERACTIONS 
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Abstract 
 This chapter will present unpublished data that compare the CH- 
interactions of fluorinated vs non-fluorinated aromatic surfaces using molecular 
balances. Interactions of fluorinated aromatic surfaces were measured in solution 
to be nearly twice as strong as the non-fluorinated counterparts.  
Introduction 
Organofluorine compounds are a class a molecules that have been utilized 
in several important areas, including medicinal chemistry, where roughly 25% of 
all drug molecules contain fluorine atoms.1 The unique electronic structure of 
organofluorine molecules has given rise to several interesting properties, and their 
interactions have been the subject of several recent studies. For example, we have 
shown that F- interactions are stabilizing, and form stronger interactions than 
other halogen- interactions.2 Gavezzotti and co-workers studied the -F stacking 
interaction, and calculated the interaction strength to be worth 20-25 kJ/mol.3 Ams 
and co-workers measured perfluoroalkyl- interactions using molecular balances, 
which were found to increase in strength with increasing numbers of fluorine 
atoms.4 Cockroft and co-workers studied the solvent effects of perfluoroalkyl-
perfluoroalkyl interactions using molecular balances, and determined these 
interactions were fluorophobically driven.5 However, there have been very few 
reported studies on the interactions of fluorinated aromatic surfaces. Therefore, 
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we have created a series of N-arylimide molecular balances to compare the CH- 
interactions of fluorinated aromatic surfaces and non-fluorinated aromatic 
surfaces (Scheme 5.1). We and others are previously used this N-arylimide 
framework to measure several aromatic interactions, including CH-, CD-, Ag-, 
and solvent OH- interactions.6 
Scheme 5.1. (a) Mode of action of the molecular balances. (b) Structures of 
molecular balances 1 and 2 shown in their folded conformations. 
 
 
 These molecular balances form intramolecular CH- interactions in their 
folded conformations between a methyl group and an aromatic surface. In balance 
1, the aromatic surface has no fluorine atoms. In balance 2, the available protons 
of the aromatic surface have been replaced with fluorine atoms, which results in 
an aromatic surface with four fluorine atoms. These balances also contain a 
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carboxylic acid and CF3 units that we have previously incorporated in molecular 
balances designed to improve the range of solvents that are able to be tested.6 In 
the unfolded conformations, the methyl group rotates away from the aromatic 
surface and the interaction is broken. The energy difference between the two 
conformations can be estimated using the equation G = -RTln(f/u). The 
folded/unfolded equilibrium is at slow exchange on the NMR time scale, and the 
ratio of conformers is measured using 19F NMR. The synthesis of balance 1 
followed previously described route for balances in Chapter 2, with anthracene 
reacting with maleimide 5 via a Diels-Alder reaction. The synthesis of balance 2 
was performed in a similar manner, but started with octafluoroanthraquinone, 
which was reduced to octafluoroanthracene before reacting with maleimide 5 
(Scheme 5.2). 
Scheme 5.2. Synthetic scheme for molecular balances 1 and 2. 
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The folding ratios for each balance were measured in eight different 
solvents (diethyl ether, chloroform, dichloromethane, ethyl acetate, acetone, 
acetonitrile, DMF, and DMSO) and plotted against the cohesive energy density of 
the solvent, which we and others have previously used to model solvent effects 
for molecular balances (Figure 5.1).6a 
 
Figure 5.1. Measure folding energies of balances 1 and 2 in aprotic solvents plotted 
against solvent cohesive energy density. 
The most interesting result of this study was that the folding energy of 
balance 2 was roughly two-fold higher than balance 1 in most solvents.  For 
example, the folding energy for balance 1 in chloroform was estimated to be 0.69 
kcal/mol, while the folding energy of balance 2 was 0.30 kcal/mol in the same 
solvent. Balance 2 also showed similar but slightly weaker solvophobic effects than 
balance 1, resulting in a flatter trend line. The reason for the two-fold increase in 
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folding energy for balance 2 was investigated by structural analysis using X-ray 
crystallography. Analogs of balances 1 and 2 that lack the CF3 were created and 
their crystal structures were solved (Figure 5.2.). Both balances show a folded 
structure with the methyl arm above the edge of the aromatic surface, with a C to 
aromatic distance of 3.43 and 3.60 Å2 for 1 and 2 respectively. 
 
Figure 5.2. Crystal structure analogs of balances 1 and 2. The C-aromatic plane 
distance for balances 1 and 2 were 3.43 and 3.60 Å2 respectively. 
Previous studies shown in Chapter 3 have shown that the folding energies 
of solvophobic interactions correlate linearly with increase change in solvent 
accessible surface area between the unfolded and folded states. To determine if this 
could account for the increased folding of balance 2, the crystal structures were 
used to calculate the change in solvent accessible surface areas for 1 and 2. The 
change in solvent accessible surface area between the folded and unfolded 
conformations was approximately 33 Å2 for both balances, indicating that the 
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increasing in folding of 2 is not due to an increase in solvophobic or dispersion 
interactions. 
One possibility is that the fluorophobic effect is causing the increased 
folding for balance 2. This phenomenon is the separation of fluorinated surfaces 
from both polar and non-polar solvents.7 To test this hypothesis, both balance 1 
and 2 were measured in a fluorinated solvent, hexafluorobenzene. This solvent has 
a similar cohesive energy density (69.1 cal/cm3) as other weakly cohesive non-
polar solvents, such as diethyl ether (60 cal/cm3). The effect of fluorinated solvent 
on each balance was measured by subtraction of folding energies of balances 1 and 
2 in hexafluorobenzene from diethyl ether (Figure 5.3)  
 
Figure 5.3. The fluorinated solvent effect measured for balance 1 and 2. G 
values were estimated by subtracting Gether –Ghexafluorobenzene. 
In balance 1, this solvent showed similar effects as other non-polar aprotic 
solvents and fits within the trend shown in Figure 5.1. In the fluorinated balance 2 
however, a very large shift towards the unfolded conformation of roughly 0.2 
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kcal/mol was measured. This result suggests that the fluorinated solvent was able 
to reverse the fluorophobic effect seen for balance 2. 
Another possibility is that change in electrostatic potential of the 
fluorinated aromatic surface is causing a reduction of electron repulsion between 
the cloud and the methyl group. Computational studies have shown that 
interactions with fluorinated aromatic surfaces have much lower exchange-
repulsion when compared to non-fluorinated aromatic surfaces.8 Kawahara and 
co-worker calculated the interactions of CH3-Ar(H) vs CH3-Ar(F) and found that the 
exchange-repulsion term for the CH3-Ar(F) was 0.5 kcal/mol lower than the CH3-
Ar(H) interaction.  
 To further investigate the fluorophobic effect, two additional balances 
were synthesized that could directly compare CH3-Ar(F) with a CF3-Ar(F) to 
determine the extent of the fluorophobic effect (Figure 5.4). 
 
Figure 5.4. Structures of second generation balances to study fluorophobic effect. 
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The balance design is similar to the previous balances (1-2) however due to 
synthetic difficulties the solubilizing carboxylic acid group and CF3 group have 
been removed. Therefore, only a simple solvent study of these balances could be 
performed. The solvents used for this study were benzene, chloroform, acetone, 
acetonitrile, and DMSO and the corresponding folding energies were plotted 
against the solvent cohesive energy density (Figure 5.5).  
 
Figure 5.5. Folding energies of balance 3 (red) and 4 (black) plotted against ced. 
Balance 4 displayed a wide range of folding energies from slightly unfolded 
in chloroform to mostly folded in DMSO. Balance 3 showed a much narrower range 
of folding energies but were similar in strength to balance 4. This result suggests 
that the CH3-Ar(F) and CF3-Ar(F) interactions are of comparable strength, with the 
CF3-Ar(F) interaction being more sensitive to the solvent environment. Further 
studies in more solvents, as well as varying amounts of fluorine are currently 
underway.  
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Summary and conclusion 
In summary, this initial result shows that CH- interactions with 
fluorinated aromatic groups are twice as strong as those with non-fluorinated 
surfaces. The large difference in energy is possibly due to reduced repulsion 
between the  cloud and methyl group or the fluorophobic effect. Future studies 
should, SAPT calculations of these interactions to determine the electrostatic and 
exchange repulsion terms of these interactions, as well as creation of more balances 
with various arms and shelves with varying amounts of fluorine atoms. 
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Supporting Information 
Table 5.1 Folding energies for balances 1-4 in solution. 
Solvent Ced 
(cal/cm3) 
-G 1 
(kcal/mol) 
-G 2 
(kcal/mol) 
-G 3 
(kcal/mol) 
-G 4 
(kcal/mol) 
chloroform 85.4 -0.687 -0.300 0.215 -0.122 
dichloromethane 93.7 -0.645 -0.332 - - 
ecetone 94.3 -0.587 -0.282 0.388 0.545 
diethyl ether 60 -0.685 -0.311 -- - 
DMSO 168.6 -0.430 -0.135 0.640 0.973 
ethyl Acetate 81.7 -0.638 -0.300 - - 
acetonitrile 138.9 -0.587 -0.332 0.426 0.600 
DMF 138.9 -0.518 -0.254 - - 
hexafluorobenzene 69.1 -0.762 -0.518 - - 
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Synthesis of 1 
The synthesis of balance 1 was performed via a Diels-Alder reaction of 
maleimide 5 with anthracene. The synthesis of maleimide 5 has been described in 
Chapter 2.  
 
Maleimide 5 (0.05 g, 0.168 mmol) and anthracene (0.03 g, 0.168 mmol) were 
dissolved in toluene and refluxed for 12 h. The solvent was removed under 
vacuum to produce a white powder that was purified by silica gel column 
chromatography with a 1:1 ethyl acetate:hexanes mixture as the eluent. The 
resulting solution was dried under vacuum to form a tan powder (0.06 g, 80% 
yield) 1H NMR (400 MHz, (CD3Cl)  = 7.96 (s, 1H major), 7.92 (d, J = 8.2 Hz, 1H 
minor), 7.87 (s, 1H minor), 7.78 (d, J = 8.2 Hz, 1H minor), 7.47-7.2 (m, 10H, MAJOR 
and minor), 7.00 (d, J = 8.2 Hz, 1H minor), 5.62 (d, J = 8.2 Hz, 1H major), 5.06 (s, 1H 
major and minor), 4.96 (m, 1H major and minor), 3.52 (m, 1H major and minor), 
2.11 (s, 3H major), 1.16 (s, 3H minor). 13C NMR (101 MHz, acetone-d6)  = 209.20, 
205.49, 172.70, 172.51, 170.10, 165.85, 165.80, 141.29, 140.60, 140.17, 139.85, 139.22, 
138.77, 138.58, 138.41, 136.64, 136.38, 134.85, 134.52, 131.91, 131.77, 128.32, 127.98, 
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127.84, 127.75, 127.69, 127.67, 127.46, 127.32, 127.20, 127.13, 127.00, 126.11, 125.99, 
125.64, 125.47, 125.38, 125.29, 124.68, 124.52. 
 
 
Figure 5.6. 1H NMR of balance 1 in CDCl3. Inset shows 19F NMR spectrum. 
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Figure 5.7. 13C NMR of balance 1 in acetone-d6. 
Synthesis of 6: octafluoroanthraquinone (1.00 g, 2.84 mmol) and Zn dust 
(4.00 g, 61.17 mmol) were refluxed in acetic acid (50 mL) for 4 days. The reaction 
was then cooled to room temperature and was extracted with ether (50 mL) and 
washed with saturated sodium bicarbonate (2 x 50 mL) and brine (50 mL). The 
ether layer was then dried over magnesium sulfate and concentrated under 
vacuum. The crude product was directly used for the next step. The crude product 
was then dissolved in toluene (70 mL) and activated C (1.00 g) was added and the 
mixture was refluxed for 4 more days. The mixture was filtered, and the remaining 
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yellow solution was concentrated to yield a yellow powder that was purified by 
washing with methanol. 
Synthesis of 2 
 
Maleimide 5 (0.08 g, 0.268 mmol) and octafluoroanthracene 6 (0.086 g, 0.268 
mmol) were dissolved in tetrachloroethance and was heated at 150 °C for 24 h. The 
solvent was removed under vacuum to produce a dark oil that was purified by 
silica gel column chromatography with a 1:1 ethyl acetate:hexanes mixture as the 
eluent. The resulting solution was dried under vacuum to form a tan powder (0.01 
g, 60% yield) 1H NMR (400 MHz, (acetone-d6)  = 7.05-6.73 (m, 3H major and 
minor), 5.51 (m, 2H major), 3.80-3.75 (m, 1H major and minor) 2.11 (s, 3H major), 
2.07 (s, 3H minor).   
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Figure 5.8. 1H NMR of balance 2 in acetone-d6. 
 
Figure 5.9. 19F NMR of balance 2 in acetone-d6.
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